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 The magnetic tunnel junction (MTJ) plays a key role in magnetic data 
storage applications, namely hard disk drive (HDD) and magnetic random 
access memory (MRAM) technologies. Several avenues of research are 
presently being pursued in the development of MTJ technology.  
 One such avenue is the selection of the MTJ ferromagnetic material, 
where half-metallic Heusler compounds have recently become the subject of 
active research interest, due to their desirably high spin polarization and low 
Gilbert damping. Moreover, another avenue of present MTJ-related research is 
the usage of current-induced spin-orbit torques (SOTs) for magnetization 
switching. Hence, in this thesis, the magnetization dynamics and damping, as 
well as current-induced SOTs are investigated in Co2FeAl0.5Si0.5 (CFAS), 
which has been predicted to be a half-metallic Heusler compound, with the 
aim of providing relevant insights for the engineering of CFAS-based data 
storage applications. 
 Furthermore, straintronics and flexible electronics are promising future 
directions for MTJ technology. Thus, in this thesis, the effects of strain on 
MgO barrier MTJs are also studied in detail, and flexible MgO barrier MTJs 
are realized for the first time. The results demonstrate the potential of MgO 




List of Tables 
Table 1: Comparison of different RAM technologies.  ..................................... 2 
 
Table 2: Analysis of the effect of lattice changes introduced by 0.5% xy biaxial strain 
on the parallel and antiparallel conductance for a Fe/6-layer MgO/Fe junction. The 
combined effect of a reduction in the z-lattice of the Fe contacts (i), of the MgO 
barrier (ii), and an expansion of the xy lattice of the entire junction (iii) decreases the 
parallel conductance by 0.7% and the antiparallel conductance by 2.5%.  ............... 97 
 
Table 3: OOMMF simulation parameters.  .................................................... 103 
 
List of Figures 
Figure 1-1: The initial write operation scheme for MRAM.  ............................ 5 
 
Figure 1-2: Stoner-Wohlfarth astroid for the switching of (a) the free layer in 
an MTJ and (b) the MRAM array.  .................................................................... 5 
 
Figure 1-3: Schematic diagrams of (a) MRAM and (b) STT-MRAM cell 
structures.  .......................................................................................................... 6 
 
Figure 2-1: (a) AMR effect when the magnetization is parallel to the current 
direction and (b) when it is orthogonal. (c) Variation of the resistance as a 
function of Θ.  .................................................................................................... 9 
 
Figure 2-2: AMR sensor.  ................................................................................ 10 
 
Figure 2-3: (a) GMR spin valve. (b) The variation of resistance as a function 
of applied magnetic field.  ............................................................................... 12 
 
Figure 2-4: (a) GMR multilayers aligned antiparallel and (b) parallel. (c) The 




Figure 2-5: Flux-closed artificial antiferromagnet pinned layer (left) and flux-
closed artificial antiferromagnet pinned and free layers (right).  ..................... 14 
 
Figure 2-6: CIP configuration (top) and CPP configuration (bottom).  ........... 16 
 
Figure 2-7: Schematic diagram illustrating STT.  ........................................... 19 
 
Figure 2-8: STT switching of a MTJ using a pulse current.  ........................... 19 
 
Figure 2-9: (a) Rocksalt structure. (b) Heusler crystal structure (L21). (c) Half 
Heusler crystal structure (C1b).  ....................................................................... 20 
 
Figure 2-10: Electronic band structure for a half-metallic ferromagnet, with 
the minority states on the left and the majority states on the right.  ................ 21 
 
Figure 2-11: (a) Hybridisation between Al and one Fe atom. (b) Interaction 
between the [FeAl] hybrid orbitals, V and the second Fe atom.  ..................... 23 
 
Figure 2-12: Density of states for TiNiSn. The band gap diminishes as the 
percentage of disorder increases.  .................................................................... 24 
 
Figure 2-13: Some types of disorder that may occur in Heusler compounds. . 25 
 
Figure 2-14: Co2Cr0.5Fe0.5Al (001) surface with CrAl termination, and its 
interface with GaAs (CrAl/As termination).  ................................................... 27 
 
Figure 2-15: Calculated total spin moments for all studied Heusler alloys. The 
dashed line represents the Slater-Pauling behaviour. The blue circles denote 
ferromagnetic Heusler alloys which are not half-metallic and have a non-




Figure 2-16: The top diagram shows the calculated density of states of CFAS 
(x = 0.5), while the bottom diagram shows the minority band gap with respect 
to the Fermi energy as x is varied. CBM is the conduction band minimum, 
while VBM is the valence band maximum.  .................................................... 29 
 
Figure 2-17: (a) The M associated with the total angular momentum J 
precesses about Heff when the equilibrium configuration is perturbed. (b) M 
follows a helical trajectory back to its equilibrium position when damping is 
introduced.  ...................................................................................................... 37 
 
Figure 2-18: Schematic diagrams of spin-orbit torque magnetization switching 




. The structure 
shown is an example of an oxide/ferromagnet/heavy metal Hall cross with 
current and voltage leads.  ............................................................................... 39 
 
Figure 2-19: (a) Schematic diagram of the three-terminal MTJ with a Hall 
cross geometry. A current pulse IP is injected into the Ta electrode to induce 
magnetization switching of the bottom ferromagnetic FeCoB layer. (b) TMR 
of the device as IP is swept according to the sequence indicated by the arrows. 
50 ns-long pulses were used, and an in-plane magnetic field of -0.4 kOe was 
applied to facilitate the switching.  .................................................................. 43 
 
Figure 2-20: Schematic diagram of a proposed MRAM device design, where 
the layers are (from top to bottom): antiferromagnetic pinning layer, synthetic 
antiferromagnet trilayer, tunnel barrier or non-magnetic metallic spacer, free 
ferromagnetic layer, ferroelectric layer, and bottom electrode layer. The 
arrows indicate the magnetization directions.  ................................................. 45 
 
Figure 2-21: Overview chart of the topics and theories presented in the thesis. 
.......................................................................................................................... 45 
 
Figure 3-1: Schematic diagram showing the MTJ fabrication process steps. In 
the diagram, the MTJ is being viewed from the side.  ..................................... 48 
 
Figure 3-2: (a) Schematic diagram showing the side view of the MTJ and the 
electrical connections for TMR and resistance-voltage measurements. (b) An 
optical image showing the top view of an MTJ. The electrical connections and 
sweep direction of the external magnetic field H are indicated on the image. 49 
xi 
 
Figure 3-3: Schematic diagrams showing the experimental setups for (a) 
VNA-FMR and (b) PIMM. The graphs below the schematic diagrams depict 
the continuous wave and impulse excitations used in the respective techniques. 
.......................................................................................................................... 51 
Figure 3-4: Schematic diagram of the typical spin-orbit torque measurement 
configuration.  .................................................................................................. 55 
 
Figure 4-1: (a) Normalized magnetic hysteresis data along the crystallographic 
hard [100] and easy [110] axes of MBE-grown CFAS. (b) -2 XRD data of 
the MBE-grown CFAS sample. (c) Optical microscopy image of the CFAS 
mesa integrated with ACPWs. The orientation of the in-plane magnetic field 
(H) is indicated.  ............................................................................................... 57 
 
Figure 4-2: (a) FMR frequency at different magnetic fields. Inset: FMR 
frequency for a fixed field (1040 Oe) at different temperatures. (b) Resonance 
linewidth as a function of frequency at different temperatures (symbols), with 
corresponding fit lines. (c)  at different temperatures. sp for a Fe/Au system 
has been included, where all sp values were obtained from literature, except 
those at 13 K and room temperature, which were obtained by extrapolating the 
literature values. (d) H0 at different temperatures.  ....................................... 61 
 
Figure 4-3: (a) PIMM data from two different signal line-signal line spacings 
at H = 50 Oe for 300 K. (b) FFT of room temperature PIMM data. (c) Room 
temperature group velocity (vg, axis: left and bottom) and attenuation length 
(, axis: top and right) at different magnetic fields. (d) Room temperature  at 
different magnetic fields.  ................................................................................ 65 
 
Figure 5-1: (a) Optical image of a Hall bar. (b) Schematic diagram of the 
measurement configuration. (c) Second harmonic signal from a Hall bar with 
dPt = 7.5 nm, in the longitudinal and (d) transverse configurations.  ............... 70 
 
Figure 5-2: Planar Hall effect measurements for a Hall bar with dPt = 7.5 nm, 
by varying (a)  and (b) . The inset of (a) shows the linear fitting of the 
symmetric component of the data in (a) as a function of sin
2. (c) RA, RP 
and  as a function of Pt thickness. (d) Anomalous Nernst-Ettingshausen 
resistance as a function of Pt thickness. The inset shows the resistance 
measurement to evaluate the RANE for a Hall bar with dPt = 5 nm.  ................. 75 
 





 as a function of Pt thickness. (c) Switching current density for 
xii 
 
different in-plane magnetic fields, as a function of Pt thickness. The inset 
shows the current-induced switching of a Hall bar with dPt = 7.5 nm and an in-
plane applied field of 2000 Oe. (d) The ratio of magnetic anisotropy energy 
density to switching current density for different in-plane magnetic fields, as a 
function of Pt thickness. The inset shows SH as a function of dPt, and the 
corresponding fitting.  ...................................................................................... 78 
 
Figure 5-4: (a) The ratio of magnetic anisotropy energy density to switching 
current density as a function of in-plane magnetic field for samples with 5 nm 
Pt and Ta underlayers, at 300 K. The inset shows the corresponding switching 
current density values. (b) The ratio of magnetic anisotropy energy density to 
switching current density as a function of temperature for samples with 5 nm 
Pt and Ta underlayers, at an in-plane field of 400 Oe. The inset shows the 
corresponding switching current density values.  ............................................ 80 
 
Figure 6-1: (a) The film structure of the MTJs. (b) Finite element analysis 
results for the vertical displacement of the sample for 12º of screw rotation, 
with an amplification factor of 53 to exaggerate the deformation for clarity. (c) 
Side view of the setup used to apply mechanical strain, consisting of clamps 
and a central vertical screw. (d) Strain-enhanced TMR due to clamping, where 
the measurements were repeated thrice without clamping, and then thrice with 
clamping, to verify the effect.  ......................................................................... 86 
 
Figure 6-2: (a) The effect of different levels of strain on the TMR loops. (b) 
The reversibility and reproducibility of the TMR trend during testing. The 
strain was increased, decreased, and then increased again, denoted by 
“Forward 1”, “Backward”, and “Forward 2” respectively. (c) The bias voltage-
dependence of the junction resistance at different levels of strain. (d) The 
TMR trend for another device, as the substrate was strained until fracture.  .. 89 
  
Figure 6-3: (a) The coercivity of the hard and soft magnetic layers of the device used 
in Fig. 6-2(d) as a function of screw rotation angle, for forward and backward sweeps 
of the magnetic field. (b) The VSM data for patterned devices, indicating that the 
thicker Co40Fe40B20 layer (the bottom ferromagnetic layer) was the hard magnetic 
layer.  ................................................................................................................ 90 
 
Figure 6-4: (a) The bias voltage-dependence of the non-annealed junction resistance 
at different levels of strain. (b) The TMR loops for various strain conditions. The 




Figure 6-5: (a) The effect of strain on the TMR loops of a device after the annealing 
at 250 °C. (b) The TMR as a function of strain for another device, before and after the 
annealing.  ......................................................................................................... 92 
 
Figure 6-6: (a) Without annealing, negligible crystallization of the Co40Fe40B20 layers 
was observed. (b) After the annealing at 250 ºC for 1 hour in a magnetic field of 
0.055 T, crystallization of the Co40Fe40B20 layers is noticeable.  ............................. 92 
 
Figure 6-7: (a) The sample in its initial state, without being clamped or strained by 
screw rotation. (b) The sample was clamped without any application of strain by 
screw rotation, corresponding to 0º of screw rotation. (c) The screw rotation angle 
was 12º. (d) The screw rotation angle was restored to 0º, while the sample remained 
clamped.  ........................................................................................................... 93 
 
Figure 6-8: (a) Fe/6-layer MgO/Fe model used in the quantum transport 









/h) conductance, and 
optimistic TMR ratio as a function of biaxial xy-strain. (c) k//-resolved 
transmission coefficients, T(EF), for majority states, parallel configuration and 
(d) antiparallel configuration for the unstrained junction.  .............................. 95 
 
Figure 6-9: (a) High resolution TEM image of the MTJ stack after annealing at 
350 ºC for 10 minutes, and then at 400 ºC for 30 minutes in a magnetic field of 
0.055 T. (b) Cross-sectional schematic diagram of the rotational effect of 
tensile strain on tilted crystal planes, where the gray diagram represents the 
initial state, while the blue diagram represents the strained state.  .................. 98 
 
Figure 6-10: OOMMF simulation of the ferromagnetic electrode 
magnetization for the major axis-dominant strain configuration immediately 
before (a) and after (b) magnetic switching. OOMMF simulation of the 
ferromagnetic electrode magnetization for the minor axis-dominant strain 
configuration immediately before (c) and after (d) magnetic switching.  ..... 100 
 
Figure 6-11: Simulation results for the orientation of the ferromagnetic 
electrode magnetization as a function of applied magnetic field in the major 
(a) axis-dominant and minor (b) axis-dominant strain configurations. SMOKE 
data from an unpatterned MTJ film sample in the major (c) axis-dominant and 




Figure 6-12: (a) Simulation results for the angle between the magnetization of 
the hard and soft magnetic layers of the MTJ. (b) Experimental data for an 
MTJ before and after being subjected to minor axis-dominant strain.  ......... 106 
 
Figure 7-1: (a) The crystallinity of the MgO tunnel barrier and the adjacent 
CoFeB ferromagnetic layers in the annealed MTJ film stack on the original 
Si/SiO2 substrate was verified by transmission electron microscopy (TEM). 
The devices were subjected to Si undercut etching, as shown in the scanning 
electron microscope (SEM) image. The devices were then transferred onto a 
PET substrate, as shown in the optical images. (b) Schematic diagram showing 
the transfer process, where the arrows represent the intrinsic stresses in the 
film layers. (c) Schematic diagram showing the changes in the atomic lattices 
and strain of the different film layers.  ........................................................... 109 
 
Figure 7-2: (a) TMR loops of a device before and after the transfer onto PET, 
showing enhanced device performance after the transfer. (b) The mean TMR 
of fabricated devices for different annealing temperatures. The corresponding 
mean TMR values for devices transferred onto PET are included for some of 
the annealing temperatures, for comparison. (c) XRD data from devices before 
and after the transfer, suggesting in-plane biaxial tensile strain of 0.07 – 0.15 
% due to the transfer. (d) FEA simulation results for a MTJ device after its 
release from the original Si substrate. The upper figure shows the distribution 
of the xx component of the stress due to the release. The lower figure is a 
schematic of the model used for the simulation.  ........................................... 111 
 
Figure 7-3: (a) Optical image of an MTJ before contact pad fabrication (the 
MTJ pillars are still visible). Inset: Optical image of a completed MTJ, after 
contact pad fabrication (the MTJ pillars have been obscured by the contact 
pads). (b) The lower figure is the FEA model used to simulate the MTJ, where 
the blue nodes indicate the modeled MTJ pillars. The upper figure shows the 
simulation results for the distribution of the xx component of the stress due to 
the device release process.  ............................................................................ 113 
 
Figure 7-4: (a) TMR loops for a device on a conventional Si/SiO2 substrate, 
when subjected to increasing levels of in-plane biaxial tensile strain. (b) 
Summary of the changes in TMR and HC of the magnetically soft and hard 
layers of the device in Fig. 7-4(a), as the in-plane biaxial tensile strain is 
increased. (c) TMR measurements of a post-transfer MTJ being subjected to 
different levels of uniaxial tensile strain (orange curve: strain is released). (d) 
TMR measurements of a post-transfer MTJ being subjected to different levels 
of uniaxial compressive strain (orange curve: strain is released). (e) Summary 
of the changes in TMR and HC of the magnetically soft and hard layers for 
Fig. 7-4(c) and 7-4(d), as the in-plane uniaxial strain is changed. (f) The data 
xv 
 
corresponding to the bottom x-axis are from TMR measurements of a post-
transfer MTJ after 20 flexes at 0.2% strain (alternately uniaxial tensile and 
compressive) followed by another 20 flexes at 0.4% strain (alternately 
uniaxial tensile and compressive). The data corresponding to the top x-axis are 
from TMR measurements of another device, which was re-tested several times 
over a given duration. The inset shows the experimental setup for applying 
uniaxial tensile and compressive strain. ........................................................ 114 
 
Figure 7-5: (a) Optical image of the side view of the setup used to bend the 
flexible MTJs. (b) An example of the RC estimation of the bent substrate. As 
shown in (a), the actual scale is known. Hence, by drawing a circle on the 
optical image such that the bent substrate lies along its circumference, RC can 
be estimated as half of the actual diameter of the circle. (c) FEA simulation 
results for the bent PET when uniaxial tensile and (d) uniaxial compressive 
strain is applied to the MTJs.  ........................................................................ 118 
 
Figure 7-6: Optical images of MTJs transferred onto (a) glass, (b) Al foil, (c) 
PDMS, and (d) nitrile. The inset of (d) shows a bar chart comparing the 
normalized mean TMR values pre-transfer and post-transfer, taking into 
account data from different device batches corresponding to the various post-
transfer substrates. ......................................................................................... 119 
 
Figure 7-7: TMR data from post-transfer MTJs on Al foil.  .......................... 120 
 
List of Illustrations 
N. A. 
List of Symbols 
α   Gilbert damping coefficient 
R   Electrical resistance 
Θ   Angle between magnetization and current 
IC0   Critical MRAM switching current 
e   Charge of an electron 
xvi 
 
U Energy barrier between parallel and antiparallel 
magnetization configurations of MR device 
 
ħ Reduced Planck constant 
P   Spin polarization 
NV   Number of valence electrons 
MX2YZ Magnetic moment per formula unit for a Heusler 
compound 
 
ml   Magnetic quantum number 
gl   Orbital momentum g-factor 
B   Bohr magneton 
me   Mass of an electron 
ms   Spin quantum number 
gs   Electron spin g-factor 
Edipole   Magnetic dipolar energy 
μ1, μ2   Magnetic dipoles 
μ0   Permeability of free space 
r   Vector connecting two magnetic dipoles 
Ψ   Fermionic many-electron wavefunction 
Eex   Exchange energy  
xvii 
 
Ŝ1, Ŝ2   Spin operators 
J12   Exchange integral  
εtot   Free energy density of a magnetic system 
εzee   Zeeman energy density 
εani   Anisotropy energy density 
εdem   Demagnetizing energy density 
εex   Exchange energy density  
M   Magnetization 
H   External applied magnetic field 
t   Time 
v   Volume  
K1, K2   First and second order crystalline anisotropy constants 
αi Directional cosines of m with respect to the Cartesian 
axes of the lattice 
 
m   Normalized magnetization 
MS   Saturation magnetization  
KU   Uniaxial anisotropy constant 
Hdem   Demagnetizing field 
𝑁   Demagnetization tensor 
xviii 
 
A   Exchange constant 
p   Number of sites per unit cell 
a   Distance between nearest neighbours 
Heff   Effective field 
ϑ   Cone angle 
γ   Gyromagnetic ratio 
λ   Landau-Lifshitz phenomenological dissipation term 
   Relaxation time 
J   Total angular momentum 
k||   In-plane wave vector 
MSSW   Magnetostatic surface wave angular frequency 
d   Film thickness 
HL   Longitudinal effective field 
HT   Transverse effective field 
T
   
Field-like torque 
T
//   
Spin-transfer-like torque 
θSH   Spin Hall angle 
JS   Spin current density 
JC   Charge current density 
xix 
 
p   Momentum 
σP   Vector of Pauli spin matrices 
Ĥso   Spin-orbit coupling 
ĤR   Effective Rashba spin-orbit coupling 
λ   Magnetostrictive constant 
λsat   Saturation magnetostriction strain 
I   Current 
V   Voltage 
VH   Hall voltage 
RH   Hall resistance 
ΔRA   Anomalous Hall resistance 
ΔRP   Planar Hall resistance 
θ   Polar angle 
φ   Azimuthal angle 
Rω   First harmonic component of Hall resistance 
R2ω   Second harmonic component of Hall resistance 
vg   Group velocity 
   Attenuation length 
f   Resonance frequency 
xx 
 
h   Planck constant 
T   Temperature 
H   Ferromagnetic resonance field linewidth 
H0   Extrinsic ferromagnetic resonance field linewidth 
sp   Spin pumping contribution to damping 
A1, A2   Spin wave amplitudes 
x1, x2   Center-to-center signal line-signal line spacings 
HC   Coercivity 
HK   Anisotropy field 
Vω   First harmonic component of Hall voltage 
V2ω   Second harmonic component of Hall voltage 
RANE   Anomalous Nernst-Ettingshausen effect resistance 
lsf   Spin diffusion length 
RP   Parallel state resistance 
RAP   Antiparallel state resistance 
T(EF)   k//-resolved transmission spectra  
Hs   Stress-induced magnetic anisotropy field  
   Stress 
xxi 
 
θ Angle between magnetization and applied external 
magnetic field 
 
   Strain 




Chapter 1 Introduction to magnetic data storage and spintronics 
 1.1 Magnetic data storage technology 
 There are two main types of data storage in computers: primary 
working memory and secondary storage. The former is also known as RAM 
(random access memory), and is usually volatile, meaning that a continuous 
power supply is required to retain the data. The latter is also known as backup 
storage, is non-volatile, and has evolved over the years from paper tapes and 
cards to magnetic tapes, drums and disks.
1,2
  
Today, hard disk drives (HDD) are an important form of secondary 
data storage. The type of disk drive that is widely used now is known as the 
Winchester disk drive, which consists of non-removable disk media sealed 
within an enclosure. The read-write head is affixed to a lightweight flexure 




HDD technology has improved over the decades since its debut in 
1956. For example, read head technology has evolved from the inductive read 
head to the anisotropic magnetoresistance (AMR) read head, and then to the 
current-in-plane giant magnetoresistance (CIP GMR) read head. To further 
reduce the dimensions of the read head in conjunction with the reduction in 
HDD bit size (and thus, the increase in HDD data storage density), magnetic 
tunnel junction (MTJ) sensors were subsequently introduced, based on the 
phenomenon of tunneling magnetoresistance (TMR).
1,2
 Magnetoresistance 
(MR) refers to the change in the electrical resistance of a material under the 
application of an external magnetic field, and is categorized under a broader 
2 
 
field known as spintronics, which is the study of the spin and magnetic 
moment of an electron, in addition to its electronic charge.
3 
Furthermore, conventional RAM technologies include DRAM 
(dynamic RAM), Flash, and SRAM (static RAM), while emerging RAM 
technologies that are currently being developed include PCM (phase-change 
memory) and MRAM (magnetic RAM).
3
 Table 1 summarizes some of the 





SRAM PCM MRAM 
(STT) 
Density 8 Gb/chip 64 Gb/chip 18 
Mb/chip 





2 pJ 10 nJ >1 pJ 100 pJ 0.02 pJ 
Static 
power 
Yes No Yes No No 
Non-
volatility 
No Yes No Yes Yes 
Read 
latency 
10 – 60 ns 25 s <10 ns 48 ns <10 ns 
Write 
latency 

















As shown in Table 1, MRAM is a promising technology that has the 
potential to surmount the limitations of existing RAM technologies, as it 
requires relatively low power consumption, has relatively high speed and 
endurance, and is non-volatile. Similar to HDD read heads, the data storage 
cells in MRAM consist of MTJs.
9
 
Several avenues are presently being explored in the research and 
development of MTJs for the aforementioned data storage applications. One 
area of research is the ferromagnetic material selection, where half-metallic 
Heusler compounds are being studied due to their theoretically high spin 
polarization and low Gilbert damping coefficient (α), which are advantageous 
for particular applications.
9,10
 In addition, in order to address data storage 
density, reliability, and endurance issues of MRAM cells, research is being 
carried out to modify and improve the cell switching mechanism.
11
 
Furthermore, some studies have focused on integrating strain with spintronics 
(straintronics) for novel magnetic data storage applications.
12-14
 Moreover, 
flexible MR devices are also being developed for future applications.
15-17
 
These areas of ongoing research will be described in greater detail in the 
subsequent sections. 
 
1.2 Ferromagnetic material selection 
High spin polarization is an important criterion for the selection of the 
ferromagnetic material in an MTJ, as it would increase the TMR, and thus, the 
signal-to-noise ratio (SNR), which would be favorable for applications.  
4 
 
It has been theoretically predicted that TMR of over 1000% could be 
achieved if a suitable combination of materials were utilized for the MTJ 
(please refer to section 2.1 for a more detailed description).
18,19
 However, in 
reality, the highest room temperature TMR that has been reported to date is 
604%.
20
 This suggests that there is further room for the improvement of TMR 
values. One method by which TMR values could be improved is to use 
ferromagnetic materials with higher spin polarization in the MTJ. Hence, as 
half-metallic Heusler compounds should, in principle, have maximum spin 
polarization (please refer to section 2.2 for a more detailed description), these 




1.3 Magnetization switching mechanisms 
A crucial aspect of MRAM technology that is presently the subject of 
active research and development is the magnetization switching mechanism, 
which is required for the write operation (where the cell is written as either a 
“0” or a “1” by changing its magnetization state). In the initial MRAM 
architecture design, the MRAM cells were switched using Oersted fields that 
were generated by passing current through selected metal lines, as shown in 
Fig. 1-1.
21
 In this scheme, each MRAM cell was situated at an intersection 
between a word line (WL) and a bit line (BL). To select a particular cell 
during a write operation, currents would be passed through its corresponding 
WL and BL. While the vector sum of the Oersted fields generated by both 
lines would be sufficient to switch the selected cell, the field magnitude 
5 
 
generated by each line alone would still be insufficient to switch the “half-
selected” cells along the WL or BL, as shown in Fig. 1-2.21 
 




Figure 1-2: Stoner-Wohlfarth astroid for the switching of (a) the free layer in 





  However, the data storage density is limited in this scheme, because if 
the cells were too close to each other, the stray Oersted fields from a selected 
cell could accidentally switch the magnetization of adjacent half-selected 
cells.
6
 To overcome this limitation, spin transfer torque (STT) MRAM was 
introduced, where the magnetization switching of a cell is achieved using the 
STT mechanism (please refer to section 2.1 for a more detailed description) 
rather than Oersted fields. Hence, STT-MRAM intrinsically enables higher 
data storage density than the previous field induced magnetic switching 
(FIMS) mechanism. Furthermore, the cell structure required for STT-MRAM 










However, the MTJs in STT-MRAM degrade relatively quickly due to 
the high writing current density.
22
 In addition, as the reading and writing 
current paths are the same, erroneous writing sometimes occurs during the 
read operation.
22
 Therefore, STT-MRAM technology is still limited by 
endurance and reliability issues. Hence, an alternative technology to STT-
7 
 
MRAM is presently being explored, namely current-induced spin-orbit torque 
(SOT) magnetization switching (please refer to section 2.4 for a more detailed 
description). As the reading and writing current paths in SOT-MRAM are 
separate, the endurance and reliability issues associated with STT-MRAM can 
be circumvented. Moreover, SOT-MRAM would allow for more flexibility in 
device optimization, as the TMR and writing constraints could be tuned 
independently of each other.
11
 Besides SOT-MRAM, there is another 
alternative technology to STT-MRAM, which will be described in section 1.4. 
 
1.4 Straintronics and flexible electronics 
As the write operation in both FIMS and STT technology requires 
relatively large current flow, the energy efficiency of MRAM technology 
could be further improved if non-current-based magnetization switching were 
utilized. One such method of switching involves harnessing the Villari effect 
to manipulate the magnetization state of the MTJ. To elaborate, the MTJ is 
subjected to mechanical strain in order to temporarily modify the magnetic 
anisotropy energy along different directions (please refer to section 2.5 for a 
more detailed description), such that the magnetization of the MTJ can be 
switched as desired. This technique is part of an emerging field dubbed 
“straintronics”.14    
Furthermore, flexible electronics has gained interest in recent times, 
with some studies focused on the fabrication of flexible magnetoresistive 
devices.
15,16
 Hence, a potential future direction for MRAM technology could 
involve its integration with flexible electronics. However, a critical step that 
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would be required to realize this integration is the fabrication of flexible MgO 
tunnel barrier MTJs. In this work, functional, flexible MgO barrier MTJs are 
fabricated and characterized for the first time (please refer to Chapter 7). 
Moreover, the effects of strain on MgO barrier MTJs are investigated in detail 
in this work (please refer to Chapter 6), with the aim of gaining useful insights 
for the design and engineering of MgO barrier MTJ-based straintronics or 





Chapter 2 Underlying physics in spintronics 
 2.1 Magnetoresistance and spin transfer torque 
2.1.1 Anisotropic magnetoresistance (AMR) 
A material exhibits MR if its resistance changes under the application 
of an external magnetic field. MR can be defined as ΔR/Rmin = (Rmax – 
Rmin)/Rmin, where Rmax and Rmin are the maximum and minimum values of the 
electrical resistance, respectively.
23
 One type of MR that is exhibited by 
ferromagnetic materials is anisotropic magnetoresistance (AMR), which arises 
because of spin-orbit coupling, where the applied magnetic field distorts the d-
orbital electron cloud, making the scattering cross-section anisotropic, or 
direction-dependent. This is illustrated in Fig. 2-1. When the magnetization is 
parallel to the current direction, the resistance is maximum, and when it is 
orthogonal, the resistance is minimum: R = Rmin + ΔRcos
2Θ, where Θ is the 




Figure 2-1: (a) AMR effect when the magnetization is parallel to the current 
direction and (b) when it is orthogonal. (c) Variation of the resistance as a 
function of Θ.23 
 
For sensing applications, such as in HDD read heads, a linear response 
and high sensitivity are required. Thus, as illustrated in Fig. 2-1(c), setting the 
sensor operating point (corresponding to zero applied magnetic field) at 45⁰ 
10 
 




To achieve this, a transverse bias scheme was designed. A soft 
adjacent layer (SAL) was incorporated into the HDD read element, as 
illustrated in Fig. 2-2. The sense current passing through the device sets the 
magnetization direction of the SAL, which is made of a soft ferromagnetic 
material. The fringing field from the SAL then rotates the magnetization 
direction of the AMR sense layer. Overall, Θ is set at 45⁰ using a combination 
of factors, namely the bias field, magnetic and shape anisotropy of the sense 




Figure 2-2: AMR sensor.
24
 
The AMR effect can be attributed to bulk scattering,
24
 and thus, the 
effect decreases as the thin film sensor dimensions diminish.
25
 Hence, this 
limited the scaling-down of the HDD read head dimensions, and consequently, 




Nonetheless, the technological features that were developed for AMR 
sensors, such as the bias scheme, were used in the design of subsequent types 
of MR sensors. 
 
2.1.2 Current-in-plane giant magnetoresistance (CIP GMR) 
The small AMR effect (MR  2%) limited the HDD areal density to ~5 
Gb/in
2
. However, the GMR effect could reach MR values of 100% at room 
temperature, and the effect is dominated by interface (rather than bulk) 




GMR devices consist of ferromagnetic (FM) layers, separated by thin 
layers of non-magnetic, conducting spacer material (such as Cu, Au or Ru).
23
 
The ferromagnetic layers are analogous to polarizing filters for electron spin. 
For example, in Fig. 2-3, when the top and bottom electrodes are magnetized 
in parallel, electrons flow relatively easily from one layer into the other (low 
resistance). However, when they are magnetized in the antiparallel 
configuration, electrons flowing from one layer experience more hindrance 
when trying to enter the other layer (high resistance).
23
 The resistance now 
changes as a function of the angle between the magnetization directions of the 
FM layers.  
The GMR effect arises from spin-dependent scattering. This is due to 
the difference in the d-orbital density of states at the Fermi level (DOSEf) 
between spin-up and spin-down electrons in ferromagnets. Higher DOSEf 
12 
 
provides more states into which the conduction electrons may be scattered, 




Figure 2-3: (a) GMR spin valve. (b) The variation of resistance as a function 




Originally, the GMR effect was discovered using a thin film multilayer 
structure (Fig. 2-4). Under zero applied magnetic field conditions, adjacent 
FM layers were aligned antiparallel due to oscillatory interlayer exchange 
coupling. Under the application of a sufficiently strong magnetic field in either 





Figure 2-4: GMR multilayers aligned (a) antiparallel and (b) parallel. (c) The 




However, the multilayer structure was not practical for read head 
applications due to the high switching fields required and non-linearity of the 
13 
 
response. In order to utilize GMR for HDD, spin valves were developed. The 
spin valve structure consists of two FM layers separated by a non-magnetic 
spacer, where one of the FM layers is made harder to switch than the other. In 
a pseudo-spin valve (PSV), this is achieved simply by using a soft magnet for 
one FM layer and a hard magnet for the other. The spacer is sufficiently thick 
to reduce the interlayer exchange coupling, enabling lower switching fields. 
However, the limitation of the PSV is that the magnetization of the hard FM 




To overcome this, exchange-biased spin valves were developed. One 
FM layer is deposited adjacent to an antiferromagnetic (AFM) pinning layer 
(Fig. 2-3(a)) such that the interface exchange coupling between these two 
layers results in unidirectional magnetic anisotropy of the now pinned FM 
layer. This causes the magnetization of the pinned FM layer to be fixed in one 
direction, such that only the magnetization of the free FM layer is switched by 
the external magnetic field (provided that the external field is less than the 
exchange bias field).
24
 The performance of the exchange-biased spin valve is 
thus superior to that of the PSV.  
However, as the HDD read head dimensions shrink further in 
conjunction with decreasing bit size, the undesirable magnetostatic 
interactions in the devices increase. For example, the magnetostatic 
interactions may couple the pinned and free FM layers such that the device is 
rendered useless.
24
 To overcome this issue, artificial antiferromagnets (AAF) 
were proposed as substitutes for the pinned layer. The AAF consists of two 
FM layers that are antiferromagnetically coupled through an ultra-thin Ru 
14 
 
spacer layer via oscillatory interlayer coupling (Fig. 2-5). This design reduces 
the stray fields emanating from the pinned layer (thus reducing undesirable 
interactions with the free layer) and enhances the exchange bias field 
(increasing the stability of the pinned layer’s magnetization).24 
 
Figure 2-5: Flux-closed artificial antiferromagnet pinned layer (left) and flux-




The GMR read heads also have biasing schemes similar to those of the 
previous AMR read heads. At the operating point, the sense layer in the GMR 
read head is aligned parallel to the media surface, while the reference (pinned) 
layer is aligned perpendicular to the sense layer. The sense layer is biased 
using a combination of factors, namely the magnetostatic coupling with the 
reference layer, the Néel dipolar coupling field (due to interface roughness) 
and the self-field generated by the sense current.
24
  
The GMR devices are used in the current-in-plane (CIP) configuration 
(Fig. 2-6). While this configuration lowers the MR due to current shunting 
away from the interfaces (where spin-dependent scattering occurs), the long 
lines in the CIP configuration yield resistance values that are high enough for 
15 
 
practical use, as opposed to the alternative configuration, current-
perpendicular-to-plane (CPP) (Fig. 2-6).
23
  
Nonetheless, CPP GMR has certain advantages over CIP GMR. 
Further scaling-down of the CIP GMR read head is limited by two factors: the 
HDD read track width and the read gap (the distance between the shields 
flanking the sensor). Reducing the read track width would reduce the 
amplitude of the output signal in the CIP GMR sensor. On the other hand, 
eliminating the read gap would cause electrical shorting between the shields 
and the sensor. However, in CPP GMR, the output signal would be virtually 
unaffected by reduced track width, enabling higher track density. The read gap 
could also be eliminated without short circuit issues, enabling higher linear 
density. Moreover, CPP GMR is usually higher than CIP GMR.
26
  
Due to its impractically low resistance, the CPP GMR configuration is 
still under development. In order to increase the resistance to sufficiently high 
values, the cross-sectional area must be made sufficiently small, suggesting 
that this configuration is suitable for ultra-high densities. However, as a 
consequence of the small cross-section, the current density would be limited 
by electromigration and thermal effects.
26
 Other solutions that have been 
proposed to overcome the low resistance issue entail oxidizing some parts of 












2.1.3 Magnetic tunnel junctions (MTJs) 
To further reduce the dimensions of the HDD read head, MTJ sensors 
were introduced, based on the phenomenon of TMR.  
The structure of the MTJ is similar to that of a GMR spin valve, except 
that the spacer layer is replaced by an ultra-thin insulating barrier. Electrons 
flow from one FM layer to the other via quantum mechanical tunneling 
through the barrier. When the FM layers are aligned in parallel, the spin-
polarized electrons flowing from one layer into the other have more available 
states to tunnel into, yielding a lower resistance state. Conversely, when the 
FM layers are aligned antiparallel, the spin-polarized electrons have fewer 





Initially, the tunnel barriers were made of amorphous Al2O3. However, 
it was found that crystalline MgO barriers yield higher TMR values. For an 
amorphous barrier, the TMR arises at the interfaces between the tunnel barrier 
and the adjacent magnetic layers, and is due to the difference in the electronic 
DOSEf between the spin-up and spin-down electrons. However, when a 
crystalline barrier is used, an additional phenomenon occurs, namely the 
filtering of the tunneling electrons based on their wavefunction symmetry.
28
  
It is easier for electrons whose wavefunction symmetry is compatible 
with the MgO crystal lattice to tunnel through the barrier. For example, for 
Co-rich BCC alloys, solely or mainly spin-up electrons have compatible 
symmetry with MgO, enabling them to tunnel through the MgO barrier. 
Therefore, almost perfect spin filtering occurs, leading to high TMR values.
28
  
However, the limitation of MTJ sensors is their relatively high 
resistance, as TMR entails tunneling through an insulator. A high resistance 
yields a high RC time constant and imposes a limit on the data read rates 
(limits the read speed). This hinders further scaling-down, as the resistance 
would increase even more.
24
 
Nonetheless, the advantage of MTJ sensors over CIP GMR sensors is 
that the configuration of the MTJ sensor is naturally CPP, allowing for higher 
data density. Furthermore, the TMR values are higher than the GMR values, 








2.1.4 Spin-transfer torque (STT) 
Spin-transfer torque (STT) involves the interaction between 
conduction electrons and magnetization, where the magnetic moments of a 
ferromagnet can be reoriented by the transfer of spin angular momentum from 
spin-polarized electrical current to the magnetic moments.
29,30
  
For example, as shown in Fig. 2-7, when conduction electrons flow 
through a MR device from the fixed magnetic layer (“Ferro 1”) to the free 
magnetic layer (“Ferro 2”), the electrons are first spin-polarized along the 
magnetization direction of Ferro 1. Then, depending on the magnetization 
orientation of Ferro 2 relative to Ferro 1, the spin-polarized electrons may be 
re-polarized again when they flow through Ferro 2.
31,32
 If Ferro 2 is not 
aligned in parallel with Ferro 1 (Fig. 2-7), then re-polarization of the 
conduction electrons occurs, resulting in a transfer of spin angular momentum 
to Ferro 2, and thus, exerting a spin torque on Ferro 2. When a sufficiently 
high current is used such that the spin torque overcomes the magnetic 
damping, then magnetization switching occurs in Ferro 2. Furthermore, the 
free layer can be switched between the parallel and antiparallel configurations 







Figure 2-7: Schematic diagram illustrating STT.
31
 
Figure 2-8: STT switching of a MTJ using a pulse current.
31
 
For a perpendicularly magnetized MRAM bit cell, the current required 
to destabilize the parallel or antiparallel state within a simplified macrospin 
model is Ic0 = 4eαU/(ħP), where e is the charge of an electron, α is the Gilbert 
damping coefficient of the free layer, U is the energy barrier between the 
parallel and antiparallel states, ħ is the reduced Planck constant, and P is the 







2.2 Heusler compounds and half-metals 
2.2.1 An introduction to Heusler compounds 
Heusler compounds are compounds with a particular crystal structure. 
One approach to describing this structure would be to first consider the 
rocksalt structure (structure of NaCl, Fig. 2-9(a)). The eight interstitial sites in 
this structure are known as tetrahedral sites.  
In a Heusler compound (X2YZ), the rocksalt lattice is made up of the Y 
and Z atoms, while all eight tetrahedral sites are occupied by X atoms (Fig. 2-
9(b)). This structure is known as the L21 structure. The X and Y atoms are 




It is also possible to have half Heusler compounds, in which only four 





Figure 2-9: (a) Rocksalt structure. (b) Heusler crystal structure (L21). (c) Half 




Heusler and half Heusler compounds have a wide range of electronic 
band structures, depending on the types of atoms that make up the compound. 




metallic ferromagnets (MnNiSb, Co2MnSi, Co2CrAl, etc.) or ferrimagnets. 




Half-metallic ferromagnets are of particular interest for spintronics 
applications due to the high spin polarization that could be achieved as a 
consequence of the half-metallicity. 
A half-metallic material is one which has a high density of majority 
(spin up) electronic states at the Fermi level, and simultaneously no minority 
(spin down) states at the Fermi level (Fig. 2-10). Thus, in terms of electrical 
conduction, the material behaves like a metal for the majority states, and like a 
semiconductor for the minority states. 
 
Figure 2-10: Electronic band structure for a half-metallic ferromagnet, with 




2.2.2 Half-metallicity of Heusler compounds 
For Heusler compounds (X2YZ), the transition metal that occurs twice 
(X) is usually placed first in the formula, and the main group element is placed 
last (Z). Y is the most electropositive element in the compound, and the Y 





Due to the hybridization in the Heusler compounds, these compounds 
have 12 minority states per formula unit, and thus, 24 paired spins per formula 
unit. Figure 2-11 illustrates the hybridization in Fe2VAl, a Heusler compound 
with exactly 24 valence electrons. 
Figure 2-11(a) illustrates the hybridization between Al and one Fe 
atom in the compound, while Fig. 2-11(b) illustrates the interaction between 
the [FeAl] states, and the V and second Fe atom. All 24 valence electrons are 
paired up, thus Fe2VAl has no net magnetic moment and is semiconducting. 
Therefore, half-metallic ferromagnetic Heusler compounds have Nv > 
24 (giving rise to uncompensated spins), where NV is the number of valence 
electrons, and their magnetic moment per formula unit (in Bohr magnetons) is 
given by the Slater-Pauling rule: 
MX2YZ = Nv – 24 (1) 
 




Figure 2-11: (a) Hybridisation between Al and one Fe atom. (b) Interaction 




2.2.3 Crystal structure disorder 
The atoms in these compounds sometimes do not occupy the ideal 
Heusler or half Heusler lattice sites described in section 2.2.1. Such disorder 
alters the electronic band structure of the compounds and may result in 
minority spins at the Fermi level, thus destroying the half-metallicity. Hence, 
24 
 
disorder of the crystal structure is undesirable for spintronics applications, as it 
may reduce the spin polarization.
10,33
 
In Fig. 2-12, the effect of crystal structure disorder on the band gap of 
TiNiSn is depicted, in order to illustrate how such disorder may affect the 
electronic band structure of a compound (TiNiSn is a semiconducting half 
Heusler compound). 
 
Figure 2-12: Density of states for TiNiSn. The band gap diminishes as the 




In Fig. 2-13, some common types of disorder for Heusler and half 
Heusler compounds are illustrated, namely B2 (also known as CsCl-type 
disorder), A2 (W-type disorder) and DO3 (BiF3-type disorder). 
X-ray diffraction (XRD) may be used to detect disorder, but is 
sometimes insufficient to accurately determine the atomic arrangement. Thus, 
to detect small amounts of disorder, other techniques may be needed, such as 
XRD investigations using synchrotron radiation, spin echo nuclear magnetic 











2.2.4 Theoretical studies 
In the literature, there are theoretical studies of the surface and 
interface properties of Heusler as well as half Heusler compounds. These 
studies, which are based on ab initio calculations, predict the loss of half-




These studies take into consideration the types of atomic termination at 
the surfaces/interfaces, and investigate which terminations are stable. They 
also investigate which stable terminations preserve half-metallicity, or at least, 
high spin polarization. As the local atomic environment at the 
surface/interface is different from that in the bulk, the electronic band structure 
is also altered. 
26 
 
For example, Zarei et al. investigated the (001) terminations of 
Co2Cr0.5Fe0.5Al, which is a half-metallic Heusler compound (Fig. 2-14). Of the 
possible (001) terminations, namely FeAl, CrAl, Co-Fe and Co-Cr, the CrAl 
terminated surface was found to be most stable. However, the un-bonded 
states of Al at the surface were found to destroy the half-metallicity by 
introducing minority states at the Fermi level.
36
 
Besides that, at interfaces between a Heusler compound and another 
material, the interactions between the materials could also alter the electronic 
band structure of the Heusler compound. In the same study by Zarei et al., the 
interface between the CrAl-terminated surface and GaAs was investigated 
(Fig. 2-14). 
It was found that the CrAl/As interface was the most stable. However, 
the interface introduced more minority states at the Fermi level, thus half-
metallicity was again lost and the spin polarization was even lower than for 
the CrAl-terminated surface alone.
36
 
The significance of these studies for spintronics applications is that 
they indicate that the half-metallicity and spin polarization of Heusler 
compounds are often lost at interfaces in the spintronics devices, thus 
diminishing device performance. These effects may be mitigated if the 
interface consists of particular terminations (some terminations preserve spin 
polarization better than others), or if the material that forms the interface with 





Figure 2-14: Co2Cr0.5Fe0.5Al (001) surface with CrAl termination, and its 




2.2.5 Co2FeAl0.5Si0.5 (CFAS) 
CFAS is a half-metallic hybrid of the ternary Heusler compounds 
Co2FeAl (CFA) and Co2FeSi (CFS), which are not half-metals themselves, as 
indicated by their deviation from the Slater-Pauling curve (Fig. 2-15). 
It has been found that the half-metallic behavior of Heusler compounds 
can be tuned by tuning their composition, giving rise to quaternary (four-
element) Heusler compounds, such as CFAS. Thus, even if the ternary 
“parent” compounds are not half-metallic, tuning their composition may still 





Figure 2-15: Calculated total spin moments for all studied Heusler alloys. The 
dashed line represents the Slater-Pauling behaviour. The blue circles denote 
ferromagnetic Heusler alloys which are not half-metallic and have a non-




Balke et al. investigated the properties of the Co2FeAl1-xSix series, 
where 0 ≤ x ≤ 1, and found that varying x resulted in the shifting of the Fermi 
level in the minority band gap (Fig. 2-16). They concluded that x = 0.5 – 0.7 
would be ideal for half-metallicity, as the Fermi level would be located in the 
middle of the minority band gap, eliminating the minority states at the Fermi 
level. Furthermore, there would be sufficiently large energy gaps between the 
Fermi level and the conduction and valence bands of the minority states, in 







Figure 2-16: The top diagram shows the calculated density of states of CFAS 
(x = 0.5), while the bottom diagram shows the minority band gap with respect 
to the Fermi energy as x is varied. CBM is the conduction band minimum, 




Hence, research is ongoing to realize and harness the half-metallic 
properties of CFAS. In particular, studies are being carried out to optimize 
CFAS MR devices. For example, Nakatani et al. fabricated CFAS/Ag/CFAS 
CPP-GMR devices with GMR values of 80% at 14 K and 34% at 290 K,
39
 
while Tezuka et al. fabricated CFAS/Al2O3/Co75Fe25 MTJs with TMR values 




2.3 Introduction to spin dynamics in a magnetic medium 
The magnetic properties of the electrons in a solid give rise to the 
magnetism of the solid. There are two types of magnetic moment associated 
with an electron, and each of these magnetic moments is associated with a 
30 
 
type of angular momentum. First, the motion of an electron around a nucleus 
is associated with orbital angular momentum, whose component along a 
defined axis (for example, the z-axis) is given by mlħ, where ml is the magnetic 
quantum number. The associated magnetic moment along the z-axis is given 




Second, an electron has spin angular momentum, whose component 
along a defined axis (for example, the z-axis) is given by msħ, where ms = ±1/2 
is the spin quantum number. The associated magnetic moment along the z-axis 
is given by gsmsμB, where gs = 2 is the free electron spin g-factor.
41
  
The magnetic moments in a solid interact with each other to give rise 
to the magnetism of the solid, which is a collective phenomenon. The 
mechanisms that produce the different types of possible interactions are 
magnetic dipolar interaction, exchange interaction, and spin-orbit interaction. 
The free energy contribution of each interaction to the system determines the 
equilibrium orientation of the magnetic moments.
41
 This section will focus on 
ferromagnetic ordering, as ferromagnets are the subject of this study. 
 
2.3.1 Magnetic interactions 
a. Magnetic dipolar interactions 
Let μ1 and μ2 be two magnetic dipoles, where each dipole is subjected 








[𝜇1 ∙ 𝜇2 −
3
𝑟2
(𝜇1 ∙ 𝑟)(𝜇2 ∙ 𝑟)] 
(2) 
where μ0 is the permeability and r is the vector connecting the two dipoles. 
Hence, the energy magnitude, which is of the order of 10
-6
 eV for two 
neighbouring atomic moments, depends on the relative orientation of the 
dipoles and decreases with the 3
rd
 order of the distance between the dipoles. 
Thus, the magnetic dipolar interactions are generally too weak to account for 
long-range ferromagnetic ordering, but can account for the demagnetizing 




b. Exchange interactions 
Exchange interaction is a quantum mechanical mechanism that arises 
from the symmetry requirements of a fermionic many-electron wavefunction 
Ψ.42 The complete wavefunction including space and spin coordinates must be 
antisymmetric, which, for two interacting electrons, can result in a so-called 
singlet state (symmetric in space and antisymmetric in spin) or a triplet state 
(symmetric in spin and antisymmetric in space). Due to Pauli's exclusion 
principle, two electrons with parallel spins cannot occupy the same space. 
Hence, the triplet state pushes the two electrons apart, thus reducing the 
Coulombic repulsion between them. Consequently, the parallel spin alignment 
lowers the total energy of the system.
43
 
The exchange energy of two electrons with spin operators Ŝ1 and Ŝ2 is 
given by 
𝐸𝑒𝑥 = −2𝐽12?̂?1 ∙ ?̂?2 (3) 
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where J12 is the exchange integral. Parallel alignment of the spins occurs for 
J12 > 0, resulting in ferromagnetic ordering.
41
  
 Exchange interaction is very short-ranged, but as it is of the order of 
10
-2





c. Spin-orbit interactions 
Spin-orbit interaction is the interaction between the spin magnetic 
moment of an electron and its own orbital magnetic moment. As the atomic 
ordering in the crystal lattice determines the arrangement of the atomic 
orbitals, the crystal symmetry thus determines the orientation of the angular 
magnetic moments. Hence, due to the spin-orbit interaction, the spins are 
influenced by the crystal symmetry, and this contributes to the magnetic 
anisotropy. Moreover, the spin-orbit coupling enables energy transfer between 




2.3.2 Magnetic free energy density 
For a magnetic system, the free energy density is 
εtot = εzee + εani + εdem + εex (4) 
where εzee, εani, εdem, and εex represent the Zeeman, anisotropy, demagnetizing, 







a. Zeeman energy 
The interaction of the magnetization M with an external magnetic field 
H yields the Zeeman term, which favors parallel alignment between the 






∫ 𝑑𝑣 𝑴 ∙ 𝑯, where v is the volume. (5) 
 
b. Anisotropy energy 
 As described in section 2.3.1, spin-orbit interaction results in preferred 
orientations of the magnetization inside a crystal. Magnetocrystalline 
anisotropy is the magnetic anisotropy that arises from these crystalline 
symmetries. For cubic crystal systems, the magnetocrystalline anisotropy 











where K1 and K2 are the first and second order crystalline anisotropy 
constants, respectively, and αi are the directional cosines of m (m = M/MS is 
the normalized magnetization, where M and MS are the magnetization vector 
and saturation magnetization, respectively) with respect to the Cartesian axes 
of the lattice. Furthermore, the energy density for crystals with uniaxial 
anisotropy along the x-direction is 
𝜀𝑎𝑛𝑖 = 𝐾𝑈𝛼𝑥
2 (7) 






c. Demagnetizing energy 
The magnetic dipolar interactions described in section 2.3.1 are very 
long-ranged, and the associated demagnetizing field Hdem that arises from the 




∇ ∙ 𝑯𝒅𝒆𝒎 = −∇ ∙ 𝑴 (8) 
As Hdem opposes the internal field, it tends to demagnetize the sample. 






∫ 𝑑𝑣 𝑯𝒅𝒆𝒎 ∙ 𝑴 (9) 
For an arbitrarily shaped element, the expression for Hdem is 
complicated, but for a uniformly magnetized ellipsoid, it simplifies to
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𝜇0𝐻𝑑𝑒𝑚 = −𝑁𝜇0𝑴 (10) 
where 𝑁 is the dimensionless demagnetization tensor. If the magnetization 










d. Exchange energy 
The exchange energy density of a cubic crystal in a continuum 








∫ 𝑑𝑣 (∇𝒎)2 (12) 
where A = 2JS
2
p/a is the exchange constant (J is the exchange integral, S is the 
magnitude of the spin, p is the number of sites per unit cell, and a is the 
distance between nearest neighbours).  
 
2.3.3 Magnetization dynamics and damping 
The total magnetic field acting on the magnetic moments in a solid, 
also known as the effective field Heff, takes into account the contributions 
from the Zeeman, anisotropy, exchange, and dipolar fields. As shown in Fig. 
2-17, when the equilibrium configuration is perturbed such that the cone angle 
ϑ ≠ 0, M tends to re-align with Heff to minimize the energy. The total magnetic 
moment is associated with the total angular momentum, which is subjected to 






= −𝛾𝜇0𝑴 × 𝑯𝒆𝒇𝒇 (13) 
where γ = g|e|/(2me) is the gyromagnetic ratio and me is the electron mass. 
However, according to equation 13, M would continue to precess with a 
constant cone angle ϑ without reaching equilibrium, contrary to the 
experimental observation that M in fact reaches equilibrium after a finite time. 
This inconsistency was amended by the introduction of a phenomenological 







= −𝛾𝜇0𝑴 × 𝑯𝒆𝒇𝒇 −
λ
𝑀𝑆
2 𝑴 × (𝑴 × 𝑯𝒆𝒇𝒇) 
(14) 
where λ = 1/ is the phenomenological damping constant and  is the 
relaxation time. As the LL equation predicts very fast precession when the 
damping is very large, it is generally inaccurate in the large damping regime. 













where α is the phenomenological and dimensionless damping parameter. As 
shown in Fig. 2-17(b), with the incorporation of a damping term, the motion of 
M follows a helical trajectory. 
 The damping parameter is considered phenomenological because its 
microscopic origin is not fully understood and is still the subject of research. 
Furthermore, both intrinsic and extrinsic mechanisms can contribute to the 
damping. For example, the direct coupling between spins and the lattice 
through spin-orbit interaction constitutes an intrinsic mechanism, while 
scattering processes due to sample imperfections that can lead to magnon-






Figure 2-17: (a) The M associated with the total angular momentum J 
precesses about Heff when the equilibrium configuration is perturbed. (b) M 
follows a helical trajectory back to its equilibrium position when damping is 
introduced.  
 
2.3.4 Spin waves 
If the magnetization precesses uniformly throughout the sample 
volume such that all the magnetic moments precess at the same frequency and 
phase, then the precession can be described as a wave with infinite 
wavelength. However, the actual conditions of a realistic system, such as a 
non-uniform excitation field or defects in the sample, can give rise to the 
excitation of spin waves with finite wavelength, which are also known as 
magnons. The term “spin waves” typically refers to short wavelength spin 
waves, which are dominated by the exchange interaction, while the term 
“magnetostatic waves” refers to long wavelength spin waves, which are 
dominated by magnetic dipolar interactions.
49
 There are different modes of 

















magnetization and wave vector, namely magnetostatic surface waves (MSSW, 
also known as Damon-Eshbach modes), magnetostatic backward volume 
waves (MSBVW), and magnetostatic forward volume waves (MSFVW).
50,51
 
This work focuses on the MSSW mode in magnetic films, where M is 
in the plane of the sample and the in-plane wave vector k|| is perpendicular to 








(1 − 𝑒−2𝑘||𝑑) (16) 
where ωMSSW is the angular frequency, ωM = γμ0MS, ωH = γμ0(H + Hani), and d 
is the thickness of the magnetic film. 
As described in section 2.1.4, the critical current required for STT 
switching is proportional to α, where lower critical current, and thus, lower α, 
is desired. Hence, to facilitate the design and engineering of magnetic data 
storage applications, it is meaningful to study the magnetization dynamics and 
relaxation mechanisms of the ferromagnetic materials used in these 
applications.  
 
2.4 Spin-orbit torques 
Spin-orbit torques (SOTs) are phenomena where the coupling between 
electron spin and orbital motion induce non-equilibrium spin accumulation, 
which produces a torque on a material’s magnetization. In magnetization 
switching experiments (as shown in Fig. 2-18), current injected in the film 
plane gives rise to two effective magnetic fields (denoted by HT and HL), or 
equivalently, a field-like torque (denoted by T








 The relationships between the SOTs and their 
corresponding effective fields are as follows: T

 ≈ m × HT and T
//




Figure 2-18: Schematic diagrams of spin-orbit torque magnetization switching 




. The structure 
shown is an example of an oxide/ferromagnet/heavy metal Hall cross with 




Presently, heavy metal/ferromagnet/oxide trilayers are the subject of 
active research due to the presence of large current-induced spin-orbit torques 
in these systems.
53,54
 So far, the current-induced torques have been attributed 
to two complementary phenomena. First, the large spin Hall effect (SHE) of 
the heavy metal generates a spin current and results in field-like and spin-
transfer-like torques on the ferromagnet (please refer to section 2.4.1 for a 
more detailed description). Second, structural inversion-asymmetry at the 
heavy metal/ferromagnet or ferromagnet/oxide interfaces results in electric 
fields at these interfaces, which could give rise to a transverse spin-orbit field, 
and thus, field-like and spin-transfer-like torques on the ferromagnet (please 
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2.4.1 Spin Hall effect (SHE) 
A pure spin current is a net flow of spins without a net flow of charge. 
In the SHE, which arises from spin-orbit coupling, a longitudinal charge 
current produces a perpendicular pure spin current.
58
 The conversion 
efficiency between a charge current and spin current is given by the 







where JS is the spin current density and JC is the charge current density. The 
spin current from a heavy metal layer can be used to exert a torque on the 
adjacent ferromagnetic layer, resulting in magnetization precession.  
Conversely, the magnetization precession of the ferromagnet can 
“pump” spins into the adjacent non-magnetic metal layer.59 The process, 
known as “spin pumping”, involves a loss of angular momentum from the 
ferromagnet to the non-magnetic metal layer, which can be observed through 
the enhanced damping of the ferromagnet.
60
 Moreover, spin pumping is 
usually detected using the inverse spin Hall effect (ISHE), where the spin 
current is converted to charge current with the same efficiency θSH.
61
 For 
example, magnetization precession is induced in a ferromagnetic layer such 
that spin current in pumped into the adjacent platinum layer.
62
 Then, the 
platinum, which has large θSH, generates a measurable voltage proportional to 





2.4.2 Rashba spin-orbit interaction 
The heavy metal/ferromagnet or ferromagnet/oxide interfaces in ultra-
thin heavy metal/ferromagnet/oxide trilayers have structural inversion-
asymmetry due to the asymmetric electric potential at these interfaces.
63
 
Hence, the electric field at these interfaces can give rise to a Rashba field, 
which can result in current-induced torques.  
An electron with momentum p moving across a magnetic field H 
experiences a Lorentz force perpendicular to the direction of its motion,  
F = -ep B / me, and has Zeeman energy μBσP ∙ B, where σP is the vector of 
Pauli spin matrices, μB is the Bohr magneton, and me and e are the mass and 
charge of an electron, respectively. Conversely, an electron moving across an 
electric field E experiences an effective magnetic field Heff ~ E p / mec
2
 in its 
rest-frame, which induces a momentum-dependent Zeeman energy, 
 Ĥso ~ μB(E p) ∙ σP / mec
2
, known as the spin-orbit coupling. The electric field 
in crystals can be obtained from the gradient of the crystal potential,  
E = -V.64 
Spin subbands that are split in energy have been observed in quantum 
wells with broken structural inversion symmetry along the growth direction z, 
and also at certain metallic surfaces. This phenomenon was explained by 
Bychkov and Rashba
64
 by considering an electric field E = Ezz, which results 
in the effective Rashba spin-orbit coupling given by ĤR = (R/ħ)(z  p) ∙ σP, 
where R is the Rashba parameter.  
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However, it should be noted that this equation, which was derived for 
two-dimensional plane waves, is only a phenomenological approximation. It 
has been found that a lack of inversion symmetry also distorts the electron 
wave function close to the nuclei, where the plane wave approximation is 
invalid.
64
 Hence, it should be noted that the equation does not completely 
represent the true form of the spin-orbit coupling in inversion asymmetric 
systems.   
 
2.4.3 Spin-orbit torque magnetization switching 
The demonstration of spin-orbit torque magnetization switching has 
paved the way for new MRAM device geometries, where the magnetization 
switching of an MRAM cell can potentially be achieved without passing 
charge current through the tunnel barrier. In particular, a three-terminal device 
with separate paths for the read and write currents has been proposed and 
demonstrated, as shown in Fig. 2-19.
11
 Hence, unlike for STT-MRAM, the 
read and write characteristics, such as the read and write impedances as well 
as the MR, can be optimized separately, which is desirable.
11
 However, a 
potential disadvantage of this design is lower memory density due to larger 






Figure 2-19: (a) Schematic diagram of the three-terminal MTJ with a Hall 
cross geometry. A current pulse IP is injected into the Ta electrode to induce 
magnetization switching of the bottom ferromagnetic FeCoB layer. (b) TMR 
of the device as IP is swept according to the sequence indicated by the arrows. 
50 ns-long pulses were used, and an in-plane magnetic field of -0.4 kOe was 




2.5 Magnetostriction and the Villari effect 
When a ferromagnetic crystal is magnetized along a particular 
direction by an external magnetic field, the atomic spins in the crystal rotate to 
align with the external field. The electron spin rotations affect the electron 
charge distributions around the atoms, and hence, modify the interatomic 
bonding and spacing. Thus, changing the magnetization of the crystal changes 




For example, when an external magnetic field is aligned along the 
[100] direction of an iron crystal, the crystal elongates along this direction, but 
contracts along the transverse directions, [010] and [001], while the opposite 
occurs for nickel. The strain along the magnetization direction (Δl/l, where l is 
the original length and Δl is the change in length) is known as the 
H
in-plane




magnetostrictive constant. It is denoted by λ, and it can be positive 
(elongation) or negative (contraction). Furthermore, λ reaches saturation 





 range) when the crystal reaches saturation magnetization. In addition, the 




Conversely, if the ferromagnetic crystal were subjected to strain along 
a particular direction, then the interatomic spacings, and thus, the exchange 
interactions between atomic spins, would change accordingly. Consequently, 
the magnetization of the crystal could be rotated by the application of strain.
65
 




For example, as shown in Fig. 2-20, the MTJ could be integrated with 
a piezoelectric or ferroelectric layer, in which strain could be induced by the 
application of an electric field E. Then, the transfer of strain to the adjacent 
ferromagnetic layer could induce magnetization rotation to achieve the desired 
magnetization orientation. As described in section 1.4, such designs are being 








Figure 2-20: Schematic diagram of a proposed MRAM device design, where 
the layers are (from top to bottom): antiferromagnetic pinning layer, synthetic 
antiferromagnet trilayer, tunnel barrier or non-magnetic metallic spacer, free 
ferromagnetic layer, ferroelectric layer, and bottom electrode layer. The 




2.6 Overview of topics and theories 
 Figure 2-21 serves as a visual aid to better illustrate how the various 
topics and theories described in this chapter are related to each other, as well 
as to other sections of the thesis. 
 
Figure 2-21: Overview chart of the topics and theories presented in the thesis.   
MTJs for data 
storage









2.3 Introduction to 








Chapter 3 Experimental techniques 
3.1 Fabrication and measurement of magnetoresistive devices 
3.1.1 Thin film and device fabrication 
a. Thin film sputtering 
The thin films were deposited using a magnetron sputtering system 
manufactured by AJA International Inc., which can accommodate eleven 2-
inch diameter sputter targets. In addition, the chamber base pressure was 
typically  310-8 Torr. Metallic films were deposited using dc sputtering at 
60 W, while oxide films were deposited using rf sputtering at 120 W. 
Furthermore, argon (Ar) gas was used for the sputtering, and the gas pressure 
was typically in the 1 – 3 mTorr range. Prior to the sputtering process, the 
substrates would first be cleaned according to the following procedure: 
i. 10 minutes of ultrasonication in acetone 
ii. 10 minutes of ultrasonication in isopropanol (IPA) 
iii. Rinsed with deionized (DI) water 
iv. Dried with a nitrogen gun 
v. If the substrate were MgO single crystal, then the substrate would also 
be baked at 400 – 600 ⁰C for 30 minutes in ultra-high vacuum and 







Photoresists: PFI positive resist (Sumitomo), ma-N 2405 negative resist 
(Micro Resist Technology), and LOR lift-off resist (MicroChem). 
Conditions: 
i. If an undercut were required to subsequently facilitate lift-off, then 
LOR would first be spin coated onto the sample surface at 6000 
revolutions per minute (rpm) for 45 seconds. 
ii. The LOR was baked at 170 ⁰C for 2 minutes. 
iii. If an undercut were not required, then the preceding steps would be 
skipped. PFI (ma-N 2405) was spin coated onto the sample surface at 
6000 rpm for 45 seconds. 
iv. The PFI (ma-N 2405) was baked at 95 ⁰C for 90 seconds. 
v. The PFI (ma-N 2405) was exposed at ~6.5 mW/cm2 (mercury arc 
lamp) for 13 (18) seconds. Quartz photomasks were used. 
vi. The photoresist was developed in AZ 300 MIF (AZ Electronic 
Materials) for ~35 seconds (~45 seconds if LOR had also been used).  
vii. The sample was rinsed with DI water and dried using a nitrogen gun. 
viii. Depending on the objective of the photolithography process, Ar ion 
milling and/or thin film sputtering would be performed on the sample. 
ix. The photoresist was lifted-off the sample by ultrasonication in acetone 
(Remover PG (MicroChem) if LOR had also been used). 
x. The sample was rinsed with IPA, then with DI water, and was dried 
using a nitrogen gun. 




Figure 3-1: Schematic diagram showing the MTJ fabrication process steps. In 
the diagram, the MTJ is being viewed from the side. 
  
 
3.1.2 Magnetoresistive device measurements 
a. Magnetoresistance measurements 
The TMR was measured using a four-probe dc method, as shown in 
Fig. 3-2. A constant current I in the range of  0.1 mA was supplied using a 
Keithley 2400 source meter, such that the measured voltage corresponding to 
the parallel state was ~10 mV, in order to provide a reasonable SNR in the 
measurement setup. Moreover, an external magnetic field H was swept in the 
plane of the sample, as shown in Fig. 3-2, in steps of 3 Oe with a time delay of 
Ar ion milling Deposition of insulating 
encapsulation
Lift-off


































0.5 seconds between steps. The voltage V was measured at each field step 
using a Keithley 2002 multimeter. Then, the resistance R at each field step was 
computed from V/I and plotted as a function of H, yielding the TMR loops. 
 
Figure 3-2: (a) Schematic diagram showing the side view of the MTJ and the 
electrical connections for TMR and resistance-voltage measurements. (b) An 
optical image showing the top view of an MTJ. The electrical connections and 
sweep direction of the external magnetic field H are indicated on the image. 
 
b. Resistance-voltage (R-V) measurements 
The bias voltage dependence of the tunnel junction resistance (R-V 
characteristics) could provide information about the spin-polarized tunnelling 
mechanisms in an MTJ. In particular, it has been observed that the junction 
resistance decreases significantly when the bias voltage is increased. Hence, 
the junction resistance exhibits a peak at zero bias, known as the zero-bias 
anomaly, which is more pronounced in the antiparallel state.
66,67,68,69
 One of 
the mechanisms that have been proposed to explain this observation is magnon 
scattering, which has been claimed to randomize the tunnelling process and 




















Using the setup shown in Fig. 3-2, H is adjusted such that the MTJ is 
in either the parallel or antiparallel state. Then, for each state, I is swept such 
that V spans a range of approximately -0.5 – 0.5 V. Next, the R values are 
computed using V/I, and are plotted as a function of V for both the parallel or 
antiparallel states.  
 
3.2 High frequency measurements 
3.2.1 Vector network analyser (VNA) ferromagnetic resonance 
Ferromagnetic resonance (FMR) is an established technique for 
investigating spin waves in magnetic systems. It entails stimulating 
magnetization precession in a sample by exposing the sample to microwave-
range sinusoidal electromagnetic radiation. As the resonance frequency of the 
sample depends on the effective field, which includes the applied external 
magnetic field, the sample can be driven through ferromagnetic resonance by 
either sweeping a static external magnetic field while exposing the sample to 
sinusoidal electromagnetic radiation of fixed frequency, or sweeping the 
frequency of the sinusoidal electromagnetic radiation while applying a 
constant static external magnetic field to the sample.
70
  
One of the setups that can be utilized to perform FMR measurements 
involves a vector network analyzer (VNA), as shown in Fig. 3-3. The VNA 
could be connected to waveguides to function as both the source and the 
detector of a sinusoidal high frequency signal. Energy is transferred from the 
incident signal to the sample only near its resonance frequency. Furthermore, 
the signal is phase shifted by  at resonance, resulting in destructive 
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interference with the incident signal. Consequently, the transmitted signal 
amplitude is diminished at resonance, and this decrease can be detected by the 
VNA.
71
 In this work, the VNA used was an Agilent N5245A. 
 
Figure 3-3: Schematic diagrams showing the experimental setups for (a) 
VNA-FMR and (b) PIMM. The graphs below the schematic diagrams depict 
the continuous wave and impulse excitations used in the respective techniques. 
 
3.2.2 Pulsed inductive microwave magnetometry (PIMM) 
While the VNA-FMR technique enables the study of a sample’s 
magnetic response in the frequency domain, the pulsed inductive microwave 
magnetometry (PIMM) technique enables measurements in the time domain.
72
 
As shown in Fig. 3-3, a pulse generator and sampling oscilloscope are 
connected to waveguides on the sample. A pulse with a sufficiently short rise 
or decay time is used to trigger the magnetization precession, resulting in an 
induced voltage in the waveguide, which is detected by the sampling 
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oscilloscope. In this work, the pulse generator consisted of a Centellax 
TG1C1-A clock synthesizer and a PPG12500 pattern generator, while the 
oscilloscope used was a DPO 70604. 
 
3.3 Spin-orbit torque measurements 
3.3.1 Harmonics measurements 
The typical setup used for spin-orbit torque measurements is shown in 
Fig. 3-4. In conventional dc measurements, the Hall voltage obtained from this 
setup is 
𝑉𝐻 = 𝐼𝑅𝐻 = ∆𝑅𝐴𝐼𝑐𝑜𝑠𝜃 + ∆𝑅𝑃𝐼𝑠𝑖𝑛
2𝜃𝑠𝑖𝑛2𝜑 (18) 
where RH is the Hall resistance, resulting from the anomalous Hall effect 
(AHE) and the planar Hall effect (PHE). The AHE and PHE are proportional 
to ΔRAIcosθ and ΔRPIsin
2θsin2φ, respectively. If a moderate ac current were 
injected instead of a dc current, then due to the presence of current-induced 
effective fields, the magnetization would oscillate around its equilibrium 
position (θ0, φ0), which would be determined by Hani and H. Consequently, RH 











where, from the differentiation of equation 18, 
𝑑𝑉𝐻
𝑑𝐼
= 𝑅𝜔 + 𝑅2𝜔(𝐼). The first 





𝑅𝜔 = ∆𝑅𝐴𝑐𝑜𝑠𝜃0 + ∆𝑅𝑃𝑠𝑖𝑛
2𝜃0𝑠𝑖𝑛2𝜑0 (20) 













While Rω is equivalent to the conventional dc Hall resistance, R2ω 
contains two current-dependent terms, and can thus be used as a measure of 
the current-induced effective fields.
52
 A more detailed description of the 
measurements can be found in Chapter 5. 
 
Figure 3-4: Schematic diagram of the typical spin-orbit torque measurement 
configuration. 
 
3.3.2 Current-induced spin-orbit torque magnetization switching 
Other than harmonics measurements, the setup shown in Fig. 3-4 is 
also used for current-induced spin-orbit torque magnetization switching, 
where, for a sample with perpendicular magnetic anisotropy (PMA), H is 
applied in the plane of the sample parallel to I, in order to provide an initial tilt 
to the magnetization, which subsequently aids its switching. When a 









result of the current-induced spin-orbit torques. The switching can be detected 
as an abrupt change in the Hall voltage. A more detailed description of the 





Chapter 4 Ferromagnetic resonance and spin waves in Co2FeAl0.5Si0.5 
(CFAS) 
Half-metallic Heusler compounds with low  are promising candidates 
for not only STT-based spintronic devices,
9,10,73
 but also for spin-based logic 
systems,
74
 as well as spin wave-based data communication in microelectronic 
circuits.
75
 Hence, a deeper fundamental understanding of the magnetization 
dynamics, such as the behavior of FMR and spin waves in Heusler 
compounds, could enable better engineering and utilization of these 
compounds for the aforementioned applications. In previous work, FMR has 





 and Co2FeAl0.5Si0.5 (CFAS).
78
 In addition, the variation of 
 with temperature has been studied for other materials, such as Co, Fe, Ni, 
and CoFeB.
79,80,81
 However, the temperature-dependence of  in Heusler 
compounds has not been reported yet. Furthermore, while there have been 
some studies of spin waves in Heusler compounds, such as CMS and 
Co2Mn0.6Fe0.4Si (CMFS),
77,82
 these studies have focused on frequency domain 
measurements. Thus, time domain measurements remain scarce, and mainly 
consist of time-resolved magneto-optic Kerr effect (TR-MOKE) 
experiments.
83
 In this chapter, the temperature-dependence of  is investigated 
in CFAS, a half-metallic Heusler compound.
38,84
 Moreover, both frequency 
domain and PIMM time domain measurements are utilized to study the 
magnetization dynamics in CFAS.  of 0.0025 is obtained at room 
temperature, which is 6 times lower than the value at 13 K. In addition, the 
group velocity (vg) and the attenuation length () in CFAS are evaluated, 
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leading to values as high as 26 km/s and 23.3 m respectively, at room 
temperature. 
 
4.1 Sample fabrication and material characterization 
CFAS (30 nm thick) was grown by ultrahigh vacuum (UHV) 
molecular beam epitaxy (MBE) on single crystal MgO (001) substrates and 
capped with 5 nm of Au. The base pressure was 9.010-11 Torr and the 
pressure during deposition was typically 1.210-9 Torr. The substrates were 
cleaned with acetone, IPA and deionised water in an ultrasonic bath before 
being loaded into the chamber. After the film growth, the samples were in-situ 
annealed at 600 °C for 1 hour. CFAS alloy and Au pellets were used as targets 
for electron-beam bombardment. Figure 4-1(a) shows the vibrating sample 
magnetometry (VSM) results, from which the Ms was extracted. The 
measurement was also repeated at different temperatures to extract the 
corresponding values of Ms for subsequent data fitting. The Ms value increases 
from 1100 emu/cc at 300 K, to 1160 emu/cc at 13 K. From the VSM data, a 
hard axis along [100] and an easy axis along [110] were verified, consistent 
with earlier reports.
73,78
 In addition, the -2 XRD data shown in Fig. 4-1(b) 
verified the presence of the characteristic (004) peak, indicating that the CFAS 
film was at least B2-ordered.
10,38
 As shown in Fig. 4-1(c), the film was 
patterned into mesas, which were integrated with asymmetric coplanar 
waveguides (ACPWs). The ACPWs were electrically isolated from the mesa 
by 50 nm of Al2O3, which was deposited by rf sputtering. VNA and PIMM 
techniques were used to excite and detect FMR as well as spin waves in 
CFAS. The former technique allows frequency domain measurements, while 
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the latter technique was used for time domain measurements. The 
experimental setup enabled the excitation of Damon-Eshbach-type (DE) 





Figure 4-1: (a) Normalized magnetic hysteresis data along the crystallographic 
hard [100] and easy [110] axes of MBE-grown CFAS. (b) -2 XRD data of 
the MBE-grown CFAS sample. (c) Optical microscopy image of the CFAS 
mesa integrated with ACPWs. The orientation of the in-plane magnetic field 
(H) is indicated. 
 
4.2 FMR measurements 
An Agilent N5245A VNA was connected to the ACPWs, and 
reflection as well as transmission signals were measured to study the FMR and 
spin wave propagation, respectively. To enable low-temperature 
measurements, the setup was installed in a cryostat manufactured by Janis 
Research Company. Background subtraction was performed to obtain the 
resonance peaks. Figure 4-2(a) shows the FMR frequency as a function of 
applied magnetic field at different temperatures, with the corresponding fits 







√(𝐻 + 𝐻𝑎𝑛𝑖)(𝐻 + 𝐻𝑎𝑛𝑖 + 4𝜋𝑀𝑠) (22) 
          
where f is the resonance frequency. The g factor, which was extracted using 
the equation  𝛾 = 2𝜋𝑔𝜇𝐵/ℎ, where B is the Bohr magneton and h is Planck’s 
constant, was found to be 2.030.02, while Hani generally decreased from 130 
Oe at 13 K to 70 Oe at 300 K. The (g – 2) value is lower than those of Co and 
Ni, but comparable to those of other Heusler compounds, such as CMS and 
Co2MnAl (CMA).
86
 The deviation of the g factor from the free electron value 
of 2 is correlated with the spin-orbit interaction in a material, where a smaller 
deviation indicates weaker spin-orbit interaction, and lower .86 The inset of 
Fig. 4-2(a) shows the resonance frequency at H = 1040 Oe as a function of 
temperature, with a Bloch fitting, indicating a Curie temperature of 
approximately 1000 K. The Bloch fitting was performed by substituting the 
following equation
87
 into equation 22: 




     
where T is temperature, and a0, a1, a2, and a3 are positive coefficients. The 
temperature dependence of MS only consists of terms containing T
m/2
 due to 
the dispersion relation of magnons,
88




As shown in Fig. 4-2(b), the extracted FMR field linewidths were 
fitted with the linear equation
90
 ΔH = ΔH0 + 4αf/, where H is the field 
linewidth and H0 is the extrinsic field linewidth. This enabled the extraction 
of the intrinsic Gilbert damping () from the fit line slopes. Sources of error 
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include background noise during the measurements, as the setup was 
inevitably surrounded by other setups in the laboratory, which emitted their 
own electromagnetic signals. Furthermore, the full set of measurements 
required to plot a single curve was time-consuming (spanning several hours), 
and the experimental conditions as well as background noise would inevitably 
have undergone changes over that period. The error bars for the data points, 
which were obtained from measurements taken for both positive and negative 
field sweeps, are already shown in Fig. 4-2(b), and appear quite modest. On 
the other hand, the deviation between the linear fitting and the data was quite 
large for the case where the linewidth was almost independent of frequency, 
with a standard error of approximately 91%, as the noise and/or changes in 
conditions were quite disruptive to the data trend. However, the measurements 
were repeated on a nominally identical sample, and while the standard error 
for the fitting was no better, the extracted damping constant deviated from that 
of the first sample by only approximately 9%. 
Figure 4-2(c) shows that  increases as the temperature decreases. The 
value of  at room temperature was found to be 0.0025, which is comparable 
with the previously reported room temperature value for CFAS.
78
 The trend of 
 with temperature is consistent with previous first-principle calculations,79 
and could be attributed to longer electron scattering time at lower 
temperatures, due to a reduction in phonon-electron scattering. Consequently, 
the angular momentum transfer at low temperatures occurs predominantly by 
direct damping through intraband transitions.
81
 Similar temperature-
dependence of  has also been observed experimentally. For example, the  of 
Co20Fe60B20 has been found to increase by a factor of 3 from 0.007 at 300 K, 
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to 0.023 at 5 K.
81
 This is comparable to the results in this work, where  
increases by a factor of almost 6 from 0.0025 at 300 K to 0.014 at 13 K.  
According to the literature,
79
 the width of electron spectral functions 
(which are Lorentzians centred around the band energies and are broadened by 
interactions with the lattice) provides a phenomenological explanation for the 
role of electron-lattice scattering in damping. Electron-lattice interactions 
could be treated phenomenologically as a broadening of the spectral functions. 
At higher temperatures, the spectral functions of different band energies 
broaden and overlap more, allowing interband scattering and electron-lattice 
interactions to occur more readily (shorter  electron-lattice scattering time). At 
the same time, intraband scattering occurs less readily within the broadened 
energy bands. Conversely, as temperature is decreased, interband scattering 
due to electron-lattice interactions decreases, while intraband scattering 
increases. For some materials such as CFAS, greater intraband scattering 





Figure 4-2: (a) FMR frequency at different magnetic fields. Inset: FMR 
frequency for a fixed field (1040 Oe) at different temperatures. (b) Resonance 
linewidth as a function of frequency at different temperatures (symbols), with 
corresponding fit lines. (c)  at different temperatures. sp for a Fe/Au system 
has been included, where all sp values were obtained from literature, except 
those at 13 K and room temperature, which were obtained by extrapolating the 
literature values. (d) H0 at different temperatures. 
 
It should be noted that spin pumping into the Au cap layer could have 
contributed to the measured resonance linewidth, thus causing the extracted  
to be higher than its actual value (CFAS). Thus,  = CFAS + sp, where sp 
denotes the spin pumping contribution to the damping.
91
 While an 
investigation of sp in the CFAS/Au system would exceed the scope of this 
work, sp values for a Fe/Au system
91,92
 have nonetheless been included in 
Fig. 4-2(c) to provide a gauge of the temperature dependence of sp, as well as 
a rough estimation of the magnitude of sp in the CFAS/Au system. Figure 4-
2(d) shows an increase in H0 as temperature increases. This could be due to 







































































































the effect of temperature on the interaction between magnetic precession and 
sample inhomogeneities, or on magnon-magnon scattering, as these factors 
contribute to H0.
90,93
 In both Fig. 4-2(c) and 4-2(d), room temperature values 
of  and H0 for sputter-deposited CFAS were included, for comparison with 
the MBE sample. It can be seen that the  is higher for the sputter-deposited 





4.3 Spin wave measurements 
The time domain PIMM data were also measured at 300 K, as shown 
in Fig. 4-3(a), where SW15 and SW30 denote edge-to-edge signal line 
separations of 15 and 30 m, respectively. The width of all the signal lines 
was fixed at 10 m. The pulse generator consisted of a Centellax TG1C1-A 
clock synthesizer and a PPG12500 pattern generator, while the oscilloscope 
used was a DPO 70604. According to the literature,
94
 a system, such as an 
oscilloscope, that can accurately measure frequencies up to and including the 
maximum signal frequency will be able to accurately reproduce the input 
signal. The maximum signal frequency can be determined by 0.4/rise time 
(20% - 80%).
94
 In our study, the maximum signal frequency was 5 GHz, while 
the sampling oscilloscope had a bandwidth up to 23 GHz. Hence, the 
frequency response of the measurement system seemed to be adequate. 
Using the temporal positions of the centers of the Gaussian 
wavepackets (t15 and t30, respectively), vg was calculated with the equation
75,95
 
vg = 15 m/(t30 – t15). Fast Fourier transform (FFT) was performed on the 
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PIMM data, as shown in Fig. 4-3(b), verifying the presence of multiple modes, 
where each mode manifested as a dark-light-dark oscillation. The vg decreases 
from 26 km/s at 50 Oe to 11 km/s at 370 Oe, as shown in Fig. 4-3(c).
 Moreover, from the VNA transmission data, which is another measure 
of spin wave propagation,  and  were extracted as a function of magnetic 
field at room temperature, using the method reported elsewhere.
95,96
 The spin 
wave amplitude was extracted from Lorentzian fittings of the VNA 
transmission resonance peaks, which were measured using waveguides with 
different center-to-center signal line-signal line (S-S) spacings. Then,  was 
extracted using the equation
95
 A1exp(x1/) = A2exp(x2/), where A1 and A2 
denote the measured spin wave amplitudes, while x1 and x2 denote the different 
S-S spacings for the corresponding waveguides. The  decreases from 23.3 
m at 460 Oe, to 12.1 m at 1430 Oe, as shown in Fig. 4-3(c). Using the 
following equation,
96
  was calculated at different magnetic fields, as shown 






         
where d is the film thickness and k is a spin wave vector, which can be 
estimated by 2/(signal line width).75 Equation (24) enables the intrinsic 
damping to be calculated based on the distance-dependent propagation of the 
magnetostatic surface mode spin waves. The  values (0.0026 – 0.0031) are 




 As shown in Fig. 4-3(c),  and vg decreased as the applied magnetic 













       
where μ0 is the permeability of free space. Equation (25) enables the group 
velocity of the spin wave packets to be calculated (the velocity at which the 
spin wave envelopes travel through space). As the applied magnetic field 
increases, the resonance frequency increases, thus vg decreases. In addition, for 
a given value of , the magnetic precession will decay within a certain amount 
of time. Hence, the distance travelled by the precessional disturbance within 
that amount of time depends on its propagation velocity, vg. Consequently, the 
higher the vg, the longer the distance travelled, and thus, the higher the . The 
obtained values of  and vg are comparable to those of other ferromagnetic 
materials for the Damon-Eshbach surface spin wave mode.
75,81,82
 For example, 
 of 18.95 m was extracted for CFA by micromagnetic simulations,75 while 
 and vg values as high as 23.9 m and 25 km/s, respectively, were 
experimentally observed in CoFeB.
81
 Furthermore,  as high as 16.7 m was 






Figure 4-3: (a) PIMM data from two different signal line-signal line spacings 
at H = 50 Oe for 300 K. (b) FFT of room temperature PIMM data. (c) Room 
temperature group velocity (vg, axis: left and bottom) and attenuation length 
(, axis: top and right) at different magnetic fields. (d) Room temperature  at 
different magnetic fields. 
 
 In conclusion, a decreasing trend of  with increasing temperature has 
been found for MBE-grown Co2FeAl0.5Si0.5, in the temperature range of 13 – 
300 K. The room temperature value of  was found to be 0.0025, which is 
approximately 6 times lower than that at 13 K. vg and  have also been 
investigated in CFAS, yielding values as high as 26 km/s and 23.3 m 
respectively, at room temperature. 
The investigation of the magnetization dynamics and damping of 
ferromagnets is meaningful for various applications, including MRAM. In 
addition, CFAS is a promising ferromagnetic material for spintronics 
applications. Hence, these findings could provide insights for the design and 








































































Chapter 5 Spin-orbit torques in heavy metal/CFAS/MgO thin film 
structures 
 Current-induced SOTs have the potential to revolutionize 
magnetization switching technology. In this chapter, we investigate the SOTs 
in a heavy metal (HM)/CFAS/MgO thin film structure with PMA, where the 
HM is either Pt or Ta. Our results suggest that both the spin Hall effect and the 
Rashba effect contribute significantly to the effective fields in the Pt 
underlayer samples. Moreover, after taking the PMA energies into account, 
current-induced SOT-based switching studies of both the Pt and Ta underlayer 
samples suggest that the two HM underlayers yield comparable switching 
efficiency in the HM/CFAS/MgO material system.  
Current-induced SOTs have recently become the subject of many 
studies due to their potential applications in magnetization switching, domain 
wall motion, and high frequency magnetization oscillation.
52,55,97-103
 To date, 





 and Co/Pd multilayers.
102
 It has 
been found that changing the HM from Pt to Ta generally results in a sign 
reversal of the SOT effective fields.
 54,98,104,106
 Moreover, the coexistence of 
the longitudinal and transverse effective fields in Pt-based trilayers is 
controversial, as the transverse effective field has been reported to be very low 
or negligible in some cases.
107,108
 In addition, SOT studies have so far focused 




In this work, we fabricate CFAS thin film structures with PMA and 
investigate their SOTs. As CFAS has been predicted to be a half-metallic 
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Heusler compound, it is a promising material for spintronics applications,
38
 
because the characteristic high spin polarization and low α of half-metals are 
desirable for applications in MRAM technology based on current-induced 
magnetization switching. Spin-flipping contributes to magnetization damping. 
As half-metals have no minority states at the Fermi level, spin-flipping from 
the majority-states to the minority-states at the Fermi level is blocked due to 




In addition, as both Pt and Ta are promising HM materials for SOT-
based applications, HM/PMA CFAS/MgO samples were fabricated, where 
HM is either Pt or Ta, and the current-induced SOT-based switching was 
compared between the Pt and Ta underlayer samples. In this study, the 
magnitudes of the effective fields in the Pt underlayer samples increase and 
subsequently saturate as the Pt thickness increases. The mean magnitudes of 





 are as high as 1200 Oe and 1100 Oe, respectively. Furthermore, the 
current-induced SOT-based switching efficiencies of both the Pt and Ta 
underlayer samples seem comparable, suggesting that both these HM materials 
yield similar switching SOT magnitudes in the HM/CFAS/MgO system. 
 
5.1 Sample fabrication and material characterization 
Thin films with the following structure were fabricated by sputtering: 
MgO (001) substrate/MgO (7.5 nm)/Pt (dPt)/CFAS (0.8 nm)/MgO (2 
nm)/Al2O3 (7 nm), where dPt = 2.5, 3, 3.5, 4, 5, 7.5, and 10 nm. To investigate 
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the Pt thickness dependence of SOT in these films, the films were patterned 
into Hall bars by photolithography and Ar ion etching, as shown in Fig. 5-1(a). 
A second photolithography step was used to define the areas for the contact 
pads. Then, the top oxide layers were etched off in the defined areas, and the 
contact pad structure of Ta (4 nm)/Cu (100 nm) was deposited by sputtering. 
In addition, to compare the current-induced SOT-based switching between 
thin film structures with different HM materials, the following Ta underlayer 
samples were also fabricated by sputtering and patterned into Hall bars: MgO 
(001) substrate/Ta (5 or 10 nm)/CFAS (0.8 nm)/MgO (2 nm)/SiO2 (5 nm).   
The magnetic properties of the samples were characterized by VSM 
and anomalous Hall effect (AHE) measurements. The Pt underlayer samples 
were found to have higher anisotropy energy density (KU) and coercivity (HC), 
and therefore, more stable PMA, than their Ta underlayer counterparts. 
Furthermore, it was found that the out-of-plane HC of the thin films and Hall 
bars generally increase as the thickness of the heavy metal layer (dHM) 
increases. For example, HC increases from 20 to 60 Oe when dPt increases 
from 2.5 to 10 nm. In addition, MS is relatively unchanged by dHM, remaining 
at approximately 800 emu/cc and 700 emu/cc for the Pt and Ta underlayer 
samples, respectively. However, as the anisotropy field, HK (the field required 
to saturate the magnetization along the hard axis, which in this case, is in-
plane) generally increases as dHM increases, the anisotropy energy density (KU 
= MSHK/2) also increases. For example, HK increases from 5 to 15 kOe, while 
KU increases from 2 to 6 Merg/cm
3
, when dPt increases from 2.5 to 10 nm. The 
absence of PMA when tPt = 0 nm and when the film stack is inverted, namely 
MgO/CFAS/Pt instead of Pt/CFAS/MgO, suggests that the thin film structure 
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and presence of the HM are two factors that may contribute significantly to the 
PMA, and hence, affect the tunability of the PMA. As increasing tPt could 
modify the roughness and the extent of intrinsic stress relaxation in the Pt 
layer, which are structural changes, it is plausible that increasing tPt changes 
the thin film structure such that it is more effective in promoting PMA, thus 
increasing HK. The obtained KU values are comparable in magnitude to those 





 as well as CoFeB/MgO.
112 
 
Figure 5-1: (a) Optical image of a Hall bar. (b) Schematic diagram of the 
measurement configuration. Second harmonic signal from a Hall bar with dPt 
= 7.5 nm, in the (c) longitudinal and (d) transverse configurations. 
 
As it is generally difficult to characterize the crystal quality of ultra-
thin PMA ferromagnetic layers (~1 nm), characterization in the literature is 
typically performed on thicker ferromagnetic samples, and it must then simply 




























































 Thick in-plane CFAS samples with the following structure were 
previously made in the same fabrication facility, and x-ray diffraction (XRD) 
verified that the films contained B2-ordering: MgO (001)/Cr (20)/Pt 
(20)/CFAS (30)/MgO (2) (thicknesses in nm). Therefore, this provides some 
gauge of the quality of the ultra-thin CFAS layer in the SOT samples.  
The structure of a 0.8 nm-thick quarternary alloy is unlikely to be the 
same as that of the bulk sample due to factors such as interdiffusion and lattice 
mismatch at the interface between the quarternary alloy and its underlying 
layer. However, as SOT studies are still relatively new and effective field 
values have not been extracted for many materials yet, this study is still 
meaningful as a first step for CFAS. In addition, even if the CFAS contained 




Moreover, electrical characterization of the SOT samples yielded 
average resistivity values of 30  10-8 Ωm, 7  10-8 Ωm, and 220  10-8 Ωm 
for Pt, ultra-thin PMA CFAS, and Ta, respectively. 
 
5.2 Harmonics measurements of HM/CFAS/MgO 
Hall voltage lock-in measurements were performed on the Pt 
underlayer Hall bars, using the methods reported in previous work.
52,98,105
 A 
13.7 Hz sinusoidal current was passed through the micro wires, and two lock-
in amplifiers were used to simultaneously measure the first and second 
harmonic signals. The measurements were performed in two configurations, 
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namely the longitudinal configuration, in which the magnetic field was applied 
along the x-axis, parallel to the ac current, and the transverse configuration, in 
which the magnetic field was applied along the y-axis, perpendicular to the ac 
current as shown in Fig. 5-1(b). The measurements were performed at room 
temperature in a physical properties measurement system (PPMS) 
manufactured by Quantum Design. It was observed that measurements 
performed in the PPMS were shielded against noise better than measurements 
performed outside the PPMS. In addition, the signals were pre-amplified 100 
using a Stanford Research Systems SR560 low-noise voltage pre-amplifier 
before being measured using Stanford Research Systems SR830 lock-in 
amplifiers. The measured signal was then divided by 100 to obtain the original 
amplitude before data analysis was performed. 
As shown in Fig. 5-1(c) and 5-1(d), the linear regions (near zero 
magnetic field) of the second harmonic voltage (V2) were fitted to obtain the 
slopes (𝜕𝑉2𝜔 𝜕𝐻⁄ ). In addition, the first harmonic voltage (V) for the 
corresponding magnetic field range was fitted to obtain the curvature 
(𝜕2𝑉𝜔 𝜕𝐻





















where RP is the planar Hall effect (PHE) resistance, and RA is the 
anomalous Hall effect (AHE) resistance. 
73 
 
Two different measurement setups were used to obtain and verify RP. 








 (raw data shown in Fig. 5-2(a)) can be used if a high magnetic 
field is not available. However, the data subsequently requires more analysis. 
The magnetic field is swept along  = 45, yielding 𝑅𝐻 = ∆𝑅𝐴𝑐𝑜𝑠𝜃 +
∆𝑅𝑃𝑠𝑖𝑛
2𝜃. Then, the RH can be separated into its antisymmetric (corresponding 
to the AHE) and symmetric (corresponding to the PHE) components using 
𝑅𝐻
𝐴𝐻𝐸 = [𝑅𝐻(𝜃) − 𝑅𝐻(−𝜃)] 2⁄  and 𝑅𝐻
𝑃𝐻𝐸 = [𝑅𝐻(𝜃) + 𝑅𝐻(−𝜃)] 2⁄ , respectively. 
Next, using 𝑅𝐻
𝑃𝐻𝐸 = ∆𝑅𝑃𝑠𝑖𝑛
2𝜃, the gradient of 𝑅𝐻
𝑃𝐻𝐸 as a function of 𝑠𝑖𝑛2𝜃 
(inset of Fig. 5-2(a)) yields RP. The  values can be found using the 
antisymmetric AHE component, where 𝜃 = 𝑎𝑟𝑐𝑐𝑜𝑠 (𝑅𝐻
𝐴𝐻𝐸 ∆𝑅𝐴⁄ ). 
On the other hand, the second setup (results shown in Fig. 5-2(b)) 
involves simpler data analysis, but requires a sufficiently high magnetic field 
to saturate the magnetization in-plane, for example, 6 T in Fig. 5-2(b). Hence, 
in the second setup,  = 90, yielding 𝑅𝐻 = ∆𝑅𝑃𝑠𝑖𝑛2𝜑. Next,  is varied by 
rotating the sample, in order to obtain complete oscillations of RH, thus 
enabling RP to be extracted. The results of the two setups were in good 
agreement with each other. 
As shown in Fig. 5-2(c), as dPt increases, both RP and RA decrease, 
but  increases. Moreover, the anomalous Nernst-Ettingshausen (ANE) 
effect
52
 was measured, as shown in the inset of Fig. 5-2(d), and the second 
harmonic signals were corrected
52




𝑟𝑎𝑤 − 𝑅𝐴𝑁𝐸 𝑉𝜔 2⁄ ∆𝑅𝐴 − 𝑉𝑜𝑓𝑓𝑠𝑒𝑡. Figure 5-2(d) shows that as dPt 
increases, RANE decreases, eventually becoming negligible. 
 

































































































































Figure 5-2: Planar Hall effect measurements for a Hall bar with dPt = 7.5 nm, 
by varying (a)  and (b) . The inset of (a) shows the linear fitting of the 
symmetric component of the data in (a) as a function of sin
2. (c) RA, RP 
and  as a function of Pt thickness. (d) Anomalous Nernst-Ettingshausen 
resistance as a function of Pt thickness. The inset shows the resistance 
measurement to evaluate the RANE for a Hall bar with dPt = 5 nm. 
 





comparison. Figure 5-3(a) shows that while the sign of HL changes between 
+MZ and -MZ, its magnitude increases as dPt increases, and saturates at 
approximately 5 nm, reaching ~1200 Oe. Furthermore, Fig. 5-3(b) shows that 
































































































































the sign of HT remains the same for both +MZ and -MZ, while its magnitude 
also increases as dPt increases, saturating at approximately 5 nm, and reaching 
~1100 Oe. The values are comparable with those reported elsewhere, such as 













 and in another report of SOT in Pt/Co/Al2O3,
52
 HT 




, respectively, were 
obtained. Moreover, contrary to some of the previous reports,
107,108
 both HL 
and HT are observed in the Pt-based trilayers. It should be noted that the 
previous reports
107,108
 did not take RP into account. However, the samples in 
this study show that RP can be relatively high, and its neglect may result in 
inaccuracies. The saturation behavior in this study suggests that the bulk spin 
Hall effect (SHE) significantly contributes to the extracted HT and HL values. 
The SHE causes the spin current density injected into the ferromagnetic layer 
to increase with increasing dHM, as long as dHM < lsf, where lsf is the spin 
diffusion length in the heavy metal, but when dHM > lsf, the injected spin 
current density saturates. In this study, the extracted lsf for Pt is 4.6 nm, which 
falls within the range of values reported in the literature for Pt.
53,114,115
 Both 
the lsf and the apparent intrinsic spin Hall angle (SH
0
) were extracted using HL 




(1  sech(dPt/lsf)), where SH is the 
effective spin Hall angle, JC is the charge current density, e is the elementary 
charge of an electron, and dF is the thickness of the ferromagnet. From the 
fitting, as shown in the inset of Fig. 5-3(d), the extracted SH
0
 is 0.33, which is 
higher than the typical values reported in the literature for Pt. 
53,114,115
 In fact, 
the extracted SH
0
 is approximately one order of magnitude higher than 
expected for the corresponding value of extracted lsf.
114,115 
Hence, the results 
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suggest that the Rashba effect also contributes significantly to both HL and HT 
in this material system. 
 







































































































































































 as a function of Pt thickness. (c) Switching current density for 
different in-plane magnetic fields, as a function of Pt thickness. The inset 
shows the current-induced switching of a Hall bar with dPt = 7.5 nm and an in-
plane applied field of 2000 Oe. (d) The ratio of magnetic anisotropy energy 
density to switching current density for different in-plane magnetic fields, as a 
function of Pt thickness. The inset shows SH as a function of dPt, and the 
corresponding fitting. 
 
5.3 Current-induced SOT magnetization switching of HM/CFAS/MgO 
In addition, current-induced SOT-based switching experiments were 
also performed on both the Pt and Ta underlayer Hall bars, where a constant 
magnetic field, for example, 2000 Oe in the inset of Fig. 5-3(c), was applied 
along the x-axis (see Fig. 5-1(b)), and a pulsed current was swept through a 
range of values to switch the magnetization direction of the sample, as 
indicated by the abrupt jumps in the Hall resistance. The pulse width was 100 
s and the interval between pulses was 1 ms. Figure 5-3(d) shows KU/JC as a 
function of dPt for different values of the applied magnetic field, where JC is 
the critical switching current density. KU/JC provides a rough magnitude 



































































































































































 and it can indeed be seen that the magnitude trend in 
Fig. 5-3(d) reflects a correlation with those in Fig. 5-3(a) and 5-3(b). 
Furthermore, Fig. 5-4 compares the current-induced SOT-based 
switching results between Hall bars with Ta (5 nm) and Pt (5 nm) underlayers. 
The inset of Fig. 5-4(a) shows that the Ta underlayer Hall bar yields JC values 
that are approximately half of those obtained from the Pt underlayer Hall bar. 
Lowering the JC values would be more favourable for applications, as this 
could reduce power consumption. However, Fig. 5-4(a) shows that the KU/JC 
values for the two material systems are actually fairly similar, which arises 
from the lower KU value, and thus, lower thermal stability, of the Ta 
underlayer sample relative to the Pt underlayer sample. Hence, in this material 
system, switching the HM underlayer material between Pt and Ta enables the 
JC and KU values to be engineered and tuned by trade-off, which could be 
useful for meeting the specific requirements of particular applications. 
Moreover, the similar KU/JC values between the two HM underlayer systems 
suggest that the magnitudes of the SOTs involved in the current-induced 
switching are also similar between the two systems. Other than KU, differences 
in the mode of magnetization reversal between the two HM systems, which 
could arise from factors such as different relative proportions of the spin-orbit 
effective fields as well as different interface characteristics, could also 
contribute to the differences in JC between the two systems. 
In addition, the inset of Fig. 5-4(b) shows that JC increases as the 
temperature decreases for both HM underlayer systems, which is consistent 
with the increasing trend of KU as the temperature decreases. However, Fig. 5-
4(b) shows that KU/JC decreases as the temperature decreases, suggesting that 
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JC increases at a higher rate than KU as the temperature decreases. This 
reduction in switching efficiency at lower temperatures
105
 could possibly be 
attributed to the temperature-dependence of the spin Hall angle
115
 and/or the 
Rashba coefficient
117,118
 in these material systems. 
 
Figure 5-4: (a) The ratio of magnetic anisotropy energy density to switching 
current density as a function of in-plane magnetic field for samples with 5 nm 
Pt and Ta underlayers, at 300 K. The inset shows the corresponding switching 
current density values. (b) The ratio of magnetic anisotropy energy density to 
switching current density as a function of temperature for samples with 5 nm 
Pt and Ta underlayers, at an in-plane field of 400 Oe. The inset shows the 
corresponding switching current density values. 
 
In conclusion, we have extracted both the longitudinal and transverse 
current-induced spin-orbit effective magnetic fields in a Pt/CFAS/MgO 
structure, and have found that their order of magnitude is comparable with 







. Moreover, we have investigated the trend of KU, 
RP, RA, , HT, HL, and KU/JC as a function of dPt. We find that the 
magnitudes of HL and HT increase with dPt and subsequently saturate at dPt  5 
nm, suggesting that the SHE contributes significantly to HL and HT. However, 
the uncharacteristically large apparent intrinsic spin Hall angle extracted using 
the effective fields suggests that HL and HT also contain significant 













































































contributions from the Rashba effect. In addition, while the Ta underlayer 
system yields lower JC values than the Pt underlayer system, both systems 
have been found to yield similar KU/JC values, suggesting that changing the 
HM underlayer material can enable the tuning of KU and JC by trade-off. As 
CFAS has been predicted to be a promising material for spintronics 
applications, the results provide relevant insights for the engineering and 




Chapter 6 Strain-enhanced tunneling magnetoresistance 
 While the effects of lattice mismatch-induced strain, mechanical strain, 
as well as the intrinsic strain of thin films are sometimes detrimental, resulting 
in mechanical deformation and failure, strain can also be usefully harnessed 






 and strain 
gauges,
121,122
 among other things. In this chapter, it is demonstrated that 
quantum transport across MTJs can be significantly affected by the 
introduction of controllable mechanical strain, achieving an enhancement 
factor of ~2 in the experimental TMR ratio. This strain-enhanced TMR is 
further correlated with coherent spin tunneling through the MgO barrier. 
Moreover, the strain-enhanced TMR is analyzed using non-equilibrium 
Green’s function (NEGF) quantum transport calculations. The results help 
elucidate the TMR mechanism at the atomic level and can provide a new way 
to enhance, as well as tune, the quantum properties in nanoscale materials and 
devices. 
It remains challenging to achieve high TMR values, a crucial figure of 
merit for MTJs, due to the ferromagnet-MgO lattice mismatch and interfacial 
defects, which are associated with undesirable strain,
123,124
 even though TMR 
values reaching hundreds of percent have been achieved as a result of coherent 
tunneling through the MgO (001) crystalline barrier.
20,28,123,125
 In other areas of 
research, strain engineering has improved the electronic properties of 
transistor materials by tuning the carriers’ effective mass or mobility,126,127,128 
and was recently proposed as a method to increase the efficiency of solar 
cells.
120
 Furthermore, strain has been studied in various other materials and 









Previous experimental studies have investigated the effects of lattice mismatch 
on the TMR, and enhanced device performance could be achieved by 
optimizing film growth conditions to reduce the interface defect concentration 
and improve the interface lattice epitaxy.
17,20,131, 132,133,134
 Recently, theoretical 
work on other systems, such as a Co2CrAl/NaNbO3/Co2CrAl MTJ structure, 
has predicted the effects of strain on TMR.
135
 Moreover, as the device 
dimensions in integrated circuits (ICs) continue to be scaled down, resulting in 
higher leakage power and energy density,
136
 non-volatile MTJ-based 
memories using straintronics-based switching are emerging as a promising 
technology for future ICs.
14
 Hence, as understanding how and why strain 
affects TMR could enable better device engineering and improve the 
performance of MTJs, we perform a detailed investigation of the effects of 
strain on MTJs.  
In this chapter, we study the strain-enhanced TMR in MgO magnetic 
tunnel junctions and it is found that the conductance for the antiparallel 
configuration, in which two ferromagnets are aligned in opposite directions, is 
significantly more sensitive to strain. Measurements for the non-annealed MTJ 
devices and metallic GMR spin valve show that the observed strain-enhanced 
TMR is correlated with the coherent quantum tunneling process through the 
MgO barrier. Our findings can contribute towards the general understanding 
of the TMR mechanism at the atomic level, as we analyze the effect of 
different perturbations imposed on the device, and propose an explanation 
based on the strong dependence of the transport pathways on the relative 
magnetization orientation of the electrodes. Moreover, our results can provide 
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a new way to enhance, as well as tune, the quantum properties in nanoscale 
materials and devices. 
  
6.1 Sample fabrication and measurements 
 Figure 6-1(a) shows the Co40Fe40B20/MgO/Co40Fe40B20 MTJ film 
structure, which was deposited at room temperature by magnetron sputtering. 
All the film layers were deposited using dc sputtering, except the MgO tunnel 
barrier and SiO2 encapsulation, which were deposited using rf sputtering. The 
sputtering pressures for the different layers were in the range of 1 – 3 mTorr. 
The MTJ film stack was patterned by photolithography and Ar ion milling to 
form MTJ junctions with sizes ranging from 36 – 10600 μm2. Where 
necessary, the MTJ devices were post-annealed in a magnetic field of 0.055 T 
under ultra-high vacuum conditions, either at 250 ºC for 1 hour, or at 350 ºC 
for 10 minutes followed by 400 ºC for 30 minutes. A CIP-GMR film stack of 
Si/Ta (5 nm)/Ru (5 nm)/Co70Fe30 (4 nm)/Cu (2.6 nm)/ Co70Fe30 (4 
nm)/Ir22Mn78 (10 nm) was deposited at room temperature by dc magnetron 
sputtering in an ultra-high vacuum chamber. A magnetic field of 0.055 T was 
applied during the deposition to exchange-bias the pinned layer. 
TMR as well as I-V measurements were performed on the MTJs at 
room temperature using the four probe measurement technique, without and 
with the application of strain. The MTJs were switched using field induced 
magnetic switching. Strain was applied by clamping the edges of the sample 
and subsequently turning a screw, which pushed the center of the sample 
upwards, as illustrated in Fig. 6-1(b) and 6-1(c). The sample was 
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approximately 1 cm × 0.5 cm with a thickness of 500 µm. The top surface of 
the sample contained 24 equally-spaced devices. The screw and clamps were 
made of a non-magnetic aluminum alloy, in order to avoid any magnetic 









































































Figure 6-1: (a) The film structure of the MTJs. (b) Finite element analysis 
results for the vertical displacement of the sample for 12º of screw rotation, 
with an amplification factor of 53 to exaggerate the deformation for clarity. (c) 
Side view of the setup used to apply mechanical strain, consisting of clamps 
and a central vertical screw. (d) Strain-enhanced TMR due to clamping, where 
the measurements were repeated thrice without clamping, and then thrice with 
clamping, to verify the effect. 
 
The strain is applied in-plane. The direction of strain with respect to 
the magnetic tunnel junction (MTJ) is significant,
17
 as the electronic band 
structures of the ferromagnetic electrodes and MgO tunnel barrier change 
under different orientations of strain. Consequently, the conductance through 







































































Clamping the edges of the sample enhanced the TMR (Fig. 6-1(d)) by 
a factor of 1.32, on average. By turning the screw, the TMR was increased 
further, typically by a factor of 1.27 times relative to the clamped structure, 
yielding overall enhancements of approximately 1.68 times. Figure 6-2(a) 
shows the effect of strain on the TMR of a specific 66 µm
2
 junction. Finite 
element analysis (FEA) simulations suggest that a screw rotation of 12º 
corresponds to a biaxial tensile strain of approximately 0.03% along the x-
direction and 0.02% along the y-direction on this device. This device was 
located closer to the clamped edge of the sample, rather than the central stress 
application point. (The FEA results suggest that the biaxial tensile strain was 
highest at the central stress application point, and decreased with distance 
away from this point.) The relationship between strain and screw rotation 
angle is approximately linear. Note that the FEA model likely underestimates 
the strain because, as suggested by the increase in TMR after clamping (Fig. 
6-1(d)), clamping of the sample also introduces some strain to the thin films 
since the bottom electrode and SiO2 encapsulation layer (Fig. 6-1(a)) are 
continuous over the entire surface, including the clamped regions. 
When the strain was gradually decreased and increased again, the 
TMR trend was reproducible, as shown in Fig. 6-2(b). The reversibility and 
reproducibility suggest that the applied strain was elastic, and no permanent 
deformation occurred. The highest enhancement factor of 2.25 times was 
observed for this device. It should be noted that in Fig. 6-2(b), there is some 
variation in the TMR values at each level of strain. This is attributed to slight 
but unavoidable shifting of the sample position in the clamps when strain is 
applied and removed. This results in a margin of error for the applied strain. 
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However, if the devices are strained excessively, or continue to be strained 
repeatedly (mechanical fatigue), it is anticipated that severe plastic 
(permanent) deformation will eventually occur in the films, such as dislocation 
motion in the tunnel barrier, which could also affect the TMR. Figure 6-2(c) 
shows the voltage-dependence of the junction resistance for the same device, 
as the strain increases. Consistent with the typical behavior of MgO based 
MTJs, the resistance of the parallel state (RP) was virtually independent of bias 
voltage, while the resistance of the antiparallel state (RAP) decreased as bias 
voltage increased.
17,137,138
 As the strain was increased, RAP increased. This 
enhancement of TMR saturated as the screw rotation approached 12º. Figure 
6-2(d) shows the TMR trend for a device with a junction area of 1600 µm
2
. 
The sample was strained until fracture occurred at approximately 23º of screw 
rotation, corresponding to biaxial strain of approximately 0.2% along the x-
direction and 0.4% along the y-direction. As the strain increased, the TMR 
increased and eventually saturated, then dropped abruptly after fracture. The 
sharp reduction in TMR can be attributed to mechanical damage sustained by 




Figure 6-2: (a) The effect of different levels of strain on the TMR loops. (b) 
The reversibility and reproducibility of the TMR trend during testing. The 
strain was increased, decreased, and then increased again, denoted by 
“Forward 1”, “Backward”, and “Forward 2” respectively. (c) The bias voltage-
dependence of the junction resistance at different levels of strain. (d) The 
TMR trend for another device, as the substrate was strained until fracture. 
 
The TMR versus magnetic field curves of the devices also became 
increasingly square with strain (Fig. 6-2(a)), due to the magnetostriction 
effect.
121,122
 The coercivity of the hard ferromagnetic layer increases with 
strain, while the coercivity of the soft layer remains virtually unchanged (Fig. 
6-3(a)). The coercivities were estimated from the maxima and minima of the 
first derivatives of the TMR loops. This effect resulted in wider TMR loops 
with sharper switching (Figs. 6-2(a) and 6-4(b)). The magnetic hysteresis loop 
obtained using vibrating sample magnetometry (VSM) indicates that the 
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6-3(b)). It has been reported that the bottom CoFeB layer undergoes more Ta 
diffusion,
20
 therefore, the bottom CoFeB layer contains more domain wall 
pinning sites than the top layer, resulting in a higher coercivity and a higher 
magnetostriction coefficient.  
 
 
Figure 6-3: (a) The coercivity of the hard and soft magnetic layers of the 
device used in Fig. 6-2(d) as a function of screw rotation angle, for forward 
and backward sweeps of the magnetic field. (b) The VSM data for patterned 
devices, indicating that the thicker Co40Fe40B20 layer (the bottom 
ferromagnetic layer) was the hard magnetic layer. 
 
 
Figure 6-4: (a) The bias voltage-dependence of the non-annealed junction 
resistance at different levels of strain. (b) The TMR loops for various strain 
conditions. The screw was rotated incrementally from 0º to 12º, and then 


















































































































6.2 Correlation with coherent tunneling 
 In order to verify that the enhanced TMR is mainly due to the effect of 
strain on the quantum transport properties through the crystalline MgO tunnel 
barrier, the experiment was repeated using non-annealed MTJ devices, which 
were otherwise identical to the annealed MTJ devices. Figure 6-4(a) shows 
that the bias voltage dependence of the resistances remained virtually 
unchanged with the application of strain, in contrast to Fig. 6-2(c). Moreover, 
Fig. 6-4(b) shows that the TMR remained almost constant at 15% even under 
strain, though the loop squareness was enhanced by strain due to the 
magnetostriction effect, similar to Fig. 6-2(a). As annealing improves the 
crystallinity of the MgO barrier and crystallizes the CoFeB ferromagnetic 
layers, thereby facilitating coherent tunneling,
20,139 
the negligible dependence 
of the TMR on the applied strain for the non-annealed devices suggests that a 
lack of coherent tunneling is correlated with a TMR which is independent of 
strain. It implies that the strain-enhanced TMR is caused by a change in the 
quantum transport properties. This was verified by repeating the experiment 
on the same devices after annealing at 250 ºC, the threshold temperature for 
crystallization of CoFeB,
140
 for 1 hour. After annealing, the devices again 
displayed strain-enhanced TMR (Fig. 6-5). High resolution TEM images of 
the MTJ stack before and after annealing verify the onset of crystallization in 




Figure 6-5: (a) The effect of strain on the TMR loops of a device after the 
annealing at 250 °C. (b) The TMR as a function of strain for another device, 




Figure 6-6: (a) Without annealing, negligible crystallization of the 
Co40Fe40B20 layers was observed. (b) After the annealing at 250 ºC for 1 hour 




The experiment was furthermore repeated using a 
Co70Fe30/Cu/Co70Fe30 current-in-plane GMR (CIP-GMR) sample. As the 
GMR spacer was metallic, coherent tunneling through the MgO barrier was 
eliminated. The GMR remained virtually constant at 3% under strain, though 
the squareness of the GMR loop increased due to magnetostriction (Fig. 6-7). 
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Figure 6-7: (a) The sample in its initial state, without being clamped or 
strained by screw rotation. (b) The sample was clamped without any 
application of strain by screw rotation, corresponding to 0º of screw rotation. 
(c) The screw rotation angle was 12º. (d) The screw rotation angle was 
restored to 0º, while the sample remained clamped. 
 
To further elucidate the effect of biaxial xy strain on the TMR, NEGF 
quantum transport calculations with an extended Hückel Hamiltonian, as 
implemented in Green,
141-144
 were performed. The tunneling junction was 
modeled using a 6-layer MgO(001) barrier contacted by semi-infinite Fe(100) 
leads (Fig. 6-8(a)). The electronic structure of the tunneling junction was 
described by an extended Hückel molecular orbital (EHMO) Hamiltonian.
145
 
Standard EHMO parameters were used for Fe, Mg, and O.
146
 With these 
parameters, the calculated MgO bulk band gap of 7.8 eV agrees with the 
experimental value of 7.77 eV,
147
 and the calculated Fe magnetic moment of 
2.0 μB agrees with values from hybrid DFT-HSE03
148-150
 calculations. Since 









































































































DFT-HSE03 calculations for a 4-layer MgO film on a 6-layer Fe(100) slab 
shows that the top of the MgO valence band edge lies 4.0 eV below the Fermi 
level of the system, a similar offset was used in the transport calculations.  
The calculations used the experimental Fe lattice constant, 2.86 Å, for 
the unstrained calculations, and a Fe(100)-MgO(001) distance of 2.16 Å.
18
 
Strain was modeled by stretching the x and y lattice between 0 and 1%, and 
the resulting compression in the z-direction was obtained from the Poisson 
ratios of 0.19 for MgO and 0.37 for Fe.
151
 The same EHMO parameters were 
used for the strained structures since EHMO parameters are transferable and 
account for changes in the orbital overlap when strain is applied. k-resolved 
T(E) spectra were computed for a high resolution 100100 grid, using a small 
value (10
-6
 meV) for the imaginary part of energy.  
Figure 6-8(b) shows the change in the conductance calculated for the 
parallel and antiparallel configurations. In agreement with the experimental 
results, the conductance for the parallel configuration is robust and changes 
little with strain. The conductance for the antiparallel configuration is 
significantly more sensitive to strain, and decreases gradually by 6.3% for 1% 
xy biaxial strain. A similar trend was observed experimentally, though the 
experimental change is larger (Fig. 6-2(c)). The decrease in the antiparallel 
conductance increases the calculated optimistic TMR ratio by 8% for 1% xy 
strain. The higher sensitivity of the antiparallel configuration can be 
understood from the k//-resolved transmission spectra T(EF) (Figs. 6-8(c) and 
6-8(d)). In agreement with previous studies,
17,18,19,152
 the parallel majority 
conductance is dominated by states near the Γ point, while the antiparallel 





 the latter transport channels depend strongly on the shape of the 
E(k) dispersion relations near the Fermi level and are sensitive to changes in 
the junction structure and in the orbital overlap due to strain.  
 
Figure 6-8: (a) Fe/6-layer MgO/Fe model used in the quantum transport 









/h) conductance, and 
optimistic TMR ratio as a function of biaxial xy-strain. (c) k//-resolved 
transmission coefficients, T(EF), for majority states, parallel configuration and 
(d) antiparallel configuration for the unstrained junction. 
 
Next, the contributions to the changes in conductance for a xy biaxial 
strain of 0.5% are analyzed (Table 2). Stretching the xy lattice causes a 
contraction in the z-direction for both the Fe layers and the MgO barrier, given 
by the Poisson ratios. Reducing the Fe lattice in the z-direction significantly 
decreases both the parallel and the antiparallel conductance by 3.6 and 6.6%, 
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respectively. The reduced lattice increases the overlap of the d-orbitals and 
broadens the d-band.
17
 Analysis of a Fe/vacuum/Fe junction shows that 
compression moves minority states away from the Γ point and reduces the 
conductance. This effect is amplified by the filtering effect of the MgO barrier 
for the minority states. Subsequent compression of MgO in the z-direction 
decreases the barrier thickness and increases the conductance. The effect is 
larger for the antiparallel configuration because of the larger decay coefficient. 
17-19,152 
Finally, increasing the xy lattice affects the conductance only slightly. 
Again, the small change results from compensation. An increase of the xy 
lattice increases the conductance for a Fe/vacuum/Fe junction by 10% 
(parallel) and 3% (antiparallel) because of the change in the Fe(100) Fermi 
surface. However, xy expansion also increases the MgO bandgap and changes 
the position of the bands, which compensates the initial effect. Table 2 
demonstrates that the small overall change in the parallel conductance results 
from cancellations between these factors. The filtering effect of the MgO 
barrier, however, increases the effect of the change in the minority Fe(100) 
interface states on the antiparallel conductance, and this effect is not fully 




  Parallel Antiparallel 










0.58% z-compression of 
the Fe contacts 
-3.6% -6.6% 
0.23% z-compression of 
the MgO barrier 
+1.2% +3.8% 
0.50% xy expansion of 
the entire device 
+1.8% +0.6% 
 
Table 2: Analysis of the effect of lattice changes introduced by 0.5% xy biaxial 
strain on the parallel and antiparallel conductance for a Fe/6-layer MgO/Fe 
junction. The combined effect of a reduction in the z-lattice of the Fe contacts 
(i), of the MgO barrier (ii), and an expansion of the xy lattice of the entire 
junction (iii) decreases the parallel conductance by 0.7% and the antiparallel 




While the NEGF modeling results match the experimental trend of 
TMR with strain, the experimentally observed increase in TMR is still larger 
than that predicted by the modeling. Hence, other strain-induced mechanisms 
may also contribute to the TMR enhancement, but are not taken into account 
in the modeling. A plausible mechanism could be the rotation of tilted crystal 
planes to more favourable orientations for coherent tunneling. In real devices, 
the crystal structure of the MgO tunnel barrier is often imperfect, and crystal 
plane tilting is sometimes observed,
28
 as shown in Fig. 6-9(a). The MgO 
barrier crystal planes in the boxed region on the left are tilted ~7º clockwise 
relative to those in the boxed region on the right. If strain is applied in any 
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direction that is not parallel to the axis about which the plane is tilted (for 
example, in Fig. 6-9(b), the tilt axis is perpendicular to the page), then some of 
the crystal planes will rotate. In this study, the biaxial in-plane tensile strain 
would cause the orientation of tilted crystal planes to become more parallel to 
the substrate surface. The strain would effectively straighten the tilted planes 
without affecting the orientation of planes that were already parallel to the 
substrate. Therefore, the crystal structure of the MTJ would be closer to the 
ideal lattice for coherent tunneling,
18
 possibly resulting in a higher TMR ratio. 
 
 
Figure 6-9: (a) High resolution TEM image of the MTJ stack after annealing at 
350 ºC for 10 minutes, and then at 400 ºC for 30 minutes in a magnetic field of 
0.055 T. (b) Cross-sectional schematic diagram of the rotational effect of 
tensile strain on tilted crystal planes, where the gray diagram represents the 
initial state, while the blue diagram represents the strained state. 
 
It should be noted that the applied strain also improved the AP 
alignment of the ferromagnetic electrodes due to the magnetostriction effect, 
as well as reduced the domain wall (DW) concentration, thereby reducing spin 
mixing,
153
 and thus, possibly increasing the TMR. Hence, further simulations 
and experiments were performed to investigate the contributions of these 









section 6.4, show that regardless of poor AP alignment and high DW 
concentration, strain-enhanced TMR can still occur. 
 
 6.4 The effects of strain on domain wall concentration and the relative 
orientation of the ferromagnetic electrodes 
Object Oriented MicroMagnetic Framework (OOMMF) software was 
used to perform simulations of the magnetic switching of a ferromagnetic 
electrode under two different strain configurations, which are depicted 
schematically in the top-left insets of Figs. 6-10(a) and 6-10(c). The insets 
show the major axis-dominant and minor axis-dominant strain configurations, 
respectively. Besides that, static magneto-optic Kerr effect (SMOKE) 
measurements as well as additional TMR measurements were performed, and 
the experimental data were correlated with the OOMMF simulation results. 
The objective of these additional simulations and experiments was to 
investigate the extent to which the strain-induced changes in the domain wall 
concentration, as well as in the relative orientation between the two 
ferromagnetic electrodes, contribute to the strain-enhanced TMR. The findings 
suggest that the aforementioned factors do not significantly affect strain-
enhanced TMR.  
Figures 6-10(a) and 6-10(b) show the OOMMF simulation results for 
the major axis-dominant strain configuration immediately before and after 
magnetic switching had occurred, respectively. This strain configuration 
corresponds to that reported in the preceding sections, particularly for devices 
near the center of the sample. In comparison, Figs. 6-10(c) and 6-10(d) show 
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the corresponding OOMMF simulation results for the minor axis-dominant 
strain configuration. Regardless of strain configuration, the external magnetic 
field was always swept parallel to the major axis of the ellipse. The objective 
of using the latter strain configuration was to change the magnetic anisotropy 
of the sample by inverse magnetostriction, such that the major axis of the 
ellipse became magnetically harder. Hence, the latter strain configuration was 
expected to destabilize the antiparallel (AP) alignment of the ferromagnetic 
electrodes as well as increase the DW concentration during magnetic 
switching of the MTJ along the major axis. 
 
Figure 6-10: OOMMF simulation of the ferromagnetic electrode 
magnetization for the major axis-dominant strain configuration immediately 
before (a) and after (b) magnetic switching. OOMMF simulation of the 
ferromagnetic electrode magnetization for the minor axis-dominant strain 
configuration immediately before (c) and after (d) magnetic switching. 
 
The simulation parameters are shown in Table 3. The anisotropy 
energy density and its corresponding direction cosines were estimated using 
the stress values obtained from FEA simulations and the following formula,
154
 











stress,  is the magnetostriction constant, and Ms is the saturation 
magnetization.  
Let the strain due to magnetostriction be λ = Δl/l, where l is the initial 
length. Let θ be the angle between the magnetisation and a reference axis. 
Hence, λ = f(θ). λ would be unchanged if θ were changed by 180º, thus the 
simplest form for λ would be f(θ) = Ccos2θ, where C is a material constant. 
Magnetostriction is typically measured from a hypothetical demagnetised state 
where λ is arbitrarily equivalent to zero. The definition of the hypothetical 
demagnetised state is one in which the domain magnetisation vectors have a 
uniform distribution over all possible directions throughout a sphere. As the 
mean value of cos
2θ would then be 1/3, λ = C(cos2θ – 1/3). In addition, as the 
saturation value of λ would be achieved when θ = 0, C = (3/2)λsat. Therefore, λ 
= (3/2)λsat(cos
2θ – 1/3).155 
For materials with isotropic magnetostriction, the magnetoelastic 




where θ is the angle between the magnetisation and the applied stress, σ. 
Assuming that a positively magnetostrictive material is subjected to σ, 
the magnetisation will align along the direction of σ. If an external magnetic 
field is applied perpendicular to the uniaxial anisotropy induced by the 
magnetostriction, then the magnetic energy density of the system would be 
given by 
ε = (3/2)λsatσsin
2θ – MSHsinθ. (31) 
At equilibrium, the energy of the system would be minimised. Hence, 
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∂ε/∂θ =  3λsatσsinθcosθ – MSHcosθ = 0 
H = (3λsatσsinθ)/MS 
(32) 
(33) 
For the magnetisation to be aligned along θ = 90⁰, H would have to reach the 
corresponding anisotropy field value 
HS = 3σλsat/MS. (34) 
The values of  and Ms were estimated as 310
-5
 and 1100 emu/cc, 
respectively.
156
 From the finite element analysis (FEA) simulations, the stress 
applied to the device of interest was 36.05 MPa along the x-direction and 





), was 63.24 MPa. Therefore, substituting the value of σ into 
HS = 3σλsat/MS, the anisotropy energy density, MSHS/2, was 2846 J/m
3
.  
Concerning the (x, y, z) direction cosines for anisotropy shown in 
Table 3, it should be noted that the coordinate system shown in Fig. 6-10, 
which is consistent with that in Fig. 6-1(c), is rotated for the minor axis-
dominant strain configuration. As shown in Figs. 6-10(c) and 6-10(d), the 










Sample size 17.6 m  9 m  5 nm 
Cell size 20 nm  20 nm  5nm 
Anisotropy energy density 2846 J/m
3 
(x, y, z) direction cosines for 
anisotropy 
(0.57, 0.82, 0) 
Saturation magnetization 11  105 A/m 
Exchange coupling constant 2  10-11 J/m 
Field step size 6 Oe 
Table 3: OOMMF simulation parameters. 
 
Furthermore, the simulation results were analyzed to obtain the plots in 
Figs. 6-11(a) and 6-11(b), which show the change in magnetization direction 
() as a function of external magnetic field for the magnetically soft and hard 
layers of the MTJ in the major axis-dominant and minor axis-dominant strain 
configurations, respectively. The simulation parameters in Table 3 yielded 
magnetic switching coercivity that was comparable to the experimental data 
for the soft magnetic layer in the major axis-dominant strain configuration. To 
obtain estimations of  as a function of applied field for the hard layer, as well 
as for the minor axis-dominant strain configuration, the magnetic field axis of 
the simulation data in Fig. 6-10 was scaled accordingly, to match the 
corresponding experimental coercivity values. Moreover, it can be seen from 
the loop shapes in Fig. 6-11(b) that the major axis becomes magnetically 




Figure 6-11: Simulation results for the orientation of the ferromagnetic 
electrode magnetization as a function of applied magnetic field in the major 
(a) axis-dominant and minor (b) axis-dominant strain configurations. SMOKE 
data from an unpatterned MTJ film sample in the major (c) axis-dominant and 
minor (d) axis-dominant strain configurations. 
 
To verify this, SMOKE measurements were performed on an 
unpatterned film sample with the layer structure shown in Fig. 6-1(a). The 
metallic layers above the upper CoFeB electrode were etched off to increase 
the SMOKE signal intensity, and the sample had been annealed at 350 C for 
30 minutes in a magnetic field of 0.055 T. The sample was subjected to 
different levels of strain under both major axis-dominant (Fig. 6-11(c)) and 
minor axis-dominant (Fig. 6-11(d)) strain configurations. The SMOKE 
signals, which would have originated mainly from the upper (soft) CoFeB 
layer, confirm that the major axis becomes magnetically harder under the 
minor axis-dominant strain configuration. In particular, it should be noted that 



























































































magnetic saturation in Fig. 6-11(d) occurs under applied field values that are 
several times higher than in Fig. 6-11(c). Thus, true, stable AP alignment 
would be more difficult to achieve under the minor axis-dominant strain 
configuration. 
This is consistent with the simulation results shown in Fig. 6-12(a), 
which were extracted from Fig. 6-11(a) and 6-11(b). The angle between the 
soft and hard layers of the MTJ () was estimated to reach 120 in the AP 
state under the major axis-dominant strain configuration, and only 80 under 
the minor axis-dominant strain configuration. Using Slonczewski’s 
model,
157,158
 R = R1 – R2 cos(Δ), it is estimated that TMRminor_axis = 0.55 
TMRmajor_axis. The experimentally observed magnitude of change in TMR does 
not exceed this estimation. 
For example, Fig. 6-12(b) shows the experimental data for an MTJ 
under the minor axis-dominant strain configuration. The experimental 
procedure was similar to that in Section 6.1, except that the devices and setup 
were rotated such that most of the screw-applied strain was directed along the 
minor axis of the elliptical MTJs, as shown in Figs. 6-1(c), 6-10(c), and 6-
10(d). Despite the destabilized AP alignment and higher domain wall 
concentration, it should be noted that the TMR was still enhanced by a mean 
factor of 1.22 relative to the clamped state, as shown in Fig. 6-12(b). Hence, it 
is inferred that AP alignment and DW concentration are not factors that 




Figure 6-12: (a) Simulation results for the angle between the magnetization of 
the hard and soft magnetic layers of the MTJ. (b) Experimental data for an 
MTJ before and after being subjected to minor axis-dominant strain. 
 
Besides that, the mean enhancement factor for the major axis-dominant 
strain configuration was 1.27 relative to the clamped state. Thus, the mean 
enhancement factor in the minor axis-dominant configuration was only 4% 
lower than in the major axis-dominant configuration. As the decrease was not 
greater than that estimated using OOMMF and Slonczewski’s model, it is 
inferred that even if the decrease were caused by both poorer AP alignment 
and spin mixing due to higher DW concentration,
153
 the contribution of the 
DW concentration would not have been significant. 
In conclusion, strain-enhanced TMR has been observed using 
crystallized CoFeB/MgO/CoFeB MTJ structures. The trend was analyzed 
using NEGF quantum transport calculations, which show that the applied 
strain has little effect on the parallel conductance, while reducing the 
antiparallel conductance. Furthermore, the effect is likely enhanced by strain-
induced rotation of the MTJ crystal planes towards orientations that are more 
favourable for coherent tunneling.  








































Chapter 7 Flexible MgO tunnel barrier magnetic tunnel junctions 
Flexible electronics has become the subject of active research in recent 





 implantable medical devices,
160
 and even magnetoresistive 
sensors.
16,15
 However, there have been no reports of flexible magnetic tunnel 
junctions (MTJs) with MgO tunnel barriers yet. Nonetheless, as MgO barrier 
MTJs can yield significantly higher tunneling magnetoresistance (TMR) than 
their alumina counterparts,
28
 they are promising candidates for flexible 
electronics applications. Here, we grow CoFeB/MgO/CoFeB MTJs on 
conventional, thermally-oxidized silicon substrates, release the MTJs from the 
substrates by etching away the underlying silicon, and then transfer and adhere 
the MTJs onto flexible polyethylene terephthalate (PET) substrates by 
utilizing techniques developed in another work.
159
 This method has 
successfully yielded flexible MTJs with TMR exceeding 200 %. Furthermore, 
the substrate transfer process is found to improve the TMR and the abruptness 
of the MTJ switching. In addition, the response and robustness of the flexible 
MTJs under strain are characterized in this work. 
 An emerging field dubbed “straintronics” involves the integration of 
strain with spintronics, where strain could be used to desirably manipulate 
spintronics phenomena in devices. For example, the usage of strain generated 
by a ferroelectric or piezoelectric material to rotate the magnetization of an 
adjacent ferromagnetic layer via the Villari effect has been proposed as a 
novel magnetization switching method for applications such as magnetic 
random access memory (MRAM).
12,13
 Hence, other than flexible electronics, 
another potential future direction for MTJ devices and applications could 
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involve the incorporation of straintronics. In this chapter, flexible MgO barrier 
MTJs are demonstrated, and the effects of strain on these devices are 
investigated. Thus, the results could provide useful insights for the design and 
engineering of novel MgO barrier MTJ-based straintronics or flexible 
electronics applications.  
 
7.1 Sample fabrication and measurements 
Figure 7-1(a) shows the Co40Fe40B20/MgO/Co40Fe40B20 MTJ film 
structure, which was deposited on Si/thermal SiO2 (300 nm) substrates by 
magnetron sputtering at room temperature. All the metal layers were deposited 
using dc sputtering, while the MgO tunnel barrier and SiO2 encapsulation were 
deposited using rf sputtering. The sputtering pressures for the different layers 
were in the range of 1 – 3 mTorr. Using photolithography and Ar ion milling, 
the film stack was patterned to form isolated MTJs with sizes ranging from 80 
– 900 μm2. Where necessary, the MTJ devices were post-annealed in an in-
plane magnetic field of 0.055 T under ultra-high vacuum conditions. Using the 
four probe measurement technique, TMR measurements were performed on 
the MTJs at room temperature, before the substrate transfer process.  
 Next, the MTJs were transferred onto flexible PET substrates by 
etching away the underlying Si, lifting the devices off the original substrate 
using a polydimethylsiloxane (PDMS) stamp, and transferring as well as 
adhering the devices onto the PET. 
 It is well-known that thermal SiO2 has intrinsic compressive stress of 
approximately -330 MPa
161
. As shown schematically in Fig. 7-1(b), when the 
underlying Si substrate is etched away during the substrate transfer process, 
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segments of the SiO2 etch stop layer are released and relaxation of the intrinsic 
compressive stress occurs in these segments, thus imparting in-plane tensile 
strain to the overlying MTJ film stack. As the MTJs are never removed from 
the SiO2 layer, they still retain this in-plane tensile strain even after the 
substrate transfer process. Figure 7-1(c) schematically depicts the changes in 
the atomic lattices of the different layers as a result of the strain induced by the 
substrate transfer process. 
 
Figure 7-1: (a) The crystallinity of the MgO tunnel barrier and the adjacent 
CoFeB ferromagnetic layers in the annealed MTJ film stack on the original 
Si/SiO2 substrate was verified by transmission electron microscopy (TEM). 
The devices were subjected to Si undercut etching, as shown in the scanning 
electron microscope (SEM) image. The devices were then transferred onto a 
PET substrate, as shown in the optical images. (b) Schematic diagram showing 
the transfer process, where the arrows represent the intrinsic stresses in the 
film layers. (c) Schematic diagram showing the changes in the atomic lattices 
and strain of the different film layers. 
  
As shown in Fig. 7-2(a), where the same MTJ was measured before 




































substrate transfer process yield a general increase in TMR, coercivities, and 
TMR loop squareness. Furthermore, Fig. 7-2(b), which summarizes the mean 
pre- and post-transfer TMR values as a function of pre-transfer annealing 
temperatures, shows an increase in the post-transfer TMR for MTJs that had 
been annealed at > 300 ºC. The results in Fig. 7-2(a) and 7-2(b) could be 
attributed to the correlation between strain-enhanced TMR and coherent 
tunneling, where in-plane tensile strain has been found to increase the TMR of 
MTJs that exhibit coherent tunneling.
162
 In addition, the crystallization of the 
CoFeB ferromagnetic layers, which is required for coherent tunneling in the 
CoFeB/MgO/CoFeB structure, has been found to be complete only above 325 
ºC.
163,164
 Hence, this is consistent with the data in Fig. 7-2(b), where the TMR 
seems to be enhanced post-transfer only for devices annealed at temperatures 






Figure 7-2: (a) TMR loops of a device before and after the transfer onto PET, 
showing enhanced device performance after the transfer. (b) The mean TMR 
of fabricated devices for different annealing temperatures. The corresponding 
mean TMR values for devices transferred onto PET are included for some of 
the annealing temperatures, for comparison. (c) XRD data from devices before 
and after the transfer, suggesting in-plane biaxial tensile strain of 0.2 % due to 
the transfer. (d) FEA simulation results for a MTJ device after its release from 
the original Si substrate. The upper figure shows the distribution of the xx 
component of the stress due to the release. The lower figure is a schematic of 
the model used for the simulation. 
 
7.2 Correlation between the substrate transfer process, strain, and MTJ 
performance 
The in-plane tensile strain imparted to the MTJ stack by the substrate 
transfer process was estimated using XRD, as shown in Fig. 7-2(c). From the 
shift of the Cu (111) peak, the change in the out-of-plane lattice constant due 
to the transfer process was estimated, yielding out-of-plane strain of -0.22%. 
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𝜀𝑦𝑦, the in-plane strain value was then estimated 
to be +0.21%. Moreover, as shown in Fig. 7-2(d), finite element analysis 
(FEA) was also used to estimate the strain imparted to the MTJs as a result of 
the release of the devices from the original Si substrate. 
The FEA was performed using LISA 8.0. In the simulation, the thermal 
SiO2/MTJ device structure was modeled, and the relaxation of the intrinsic 
compressive stress in the thermal SiO2 was simulated by applying an outward-
directed pressure of 330 MPa on the thermal SiO2 layer’s four side faces, 
defined by their normals in Fig. 7-2(d) and 7-3(b) as  x and  y. 
Consequently, the MTJ device was stretched by the underlying thermal SiO2 
layer, giving rise to in-plane tensile strain of +0.2% in the Cu contact pads. 
Hence, the simulation results are fairly consistent with the XRD results 
obtained from Fig. 7-2(c).  
 The different layers of the completed MTJ device, namely the 
underlying SiO2 etch stop layer, MTJ pillars, oxide encapsulation, and contact 
pads, were taken into account when generating the model, as shown in Fig. 7-
3. Young’s modulus and Poisson’s ratio values of 65 GPa and 0.17, 
respectively, were used for the thermal SiO2 etch stop layer,
167
 while the 
corresponding values used for the sputtered SiO2 encapsulation
167
 and metal 
layers
165






Figure 7-3: (a) Optical image of an MTJ before contact pad fabrication (the 
MTJ pillars are still visible). Inset: Optical image of a completed MTJ, after 
contact pad fabrication (the MTJ pillars have been obscured by the contact 
pads). (b) The lower figure is the FEA model used to simulate the MTJ, where 
the blue nodes indicate the modeled MTJ pillars. The upper figure shows the 
simulation results for the distribution of the xx component of the stress due to 
the device release process. 
 
 In addition, the effects of the substrate transfer process on the devices 
are found to be similar to those of in-plane biaxial tensile strain applied 
directly to the devices on the original Si substrate, as shown in Chapter 6. For 
comparison, as shown in Fig. 7-4(a) and 7-4(b), devices on Si were subjected 
to measurements using the setup described in Chapter 6, where in-plane 
biaxial tensile strain was imparted to the MTJ devices while they were still 
attached to the Si substrate. Consequently, the TMR, coercivities, and TMR 
loop squareness increased as the magnitude of the strain was increased. As the 
effects shown in Fig. 7-4(a) and 7-4(b) are consistent with the effects of the 
substrate transfer process shown in Fig. 7-2(a), they further support the 
correlation between the transfer process, intrinsic stress relaxation, and strain-













Figure 7-4: (a) TMR loops for a device on a conventional Si/SiO2 substrate, 
when subjected to increasing levels of in-plane biaxial tensile strain. (b) 
Summary of the changes in TMR and HC of the magnetically soft and hard 
layers of the device in Fig. 7-4(a), as the in-plane biaxial tensile strain is 
increased. (c) TMR measurements of a post-transfer MTJ being subjected to 
different levels of uniaxial tensile strain (orange curve: strain is released). (d) 
TMR measurements of a post-transfer MTJ being subjected to different levels 
of uniaxial compressive strain (orange curve: strain is released). (e) Summary 
of the changes in TMR and HC of the magnetically soft and hard layers for 
Fig. 7-4(c) and 7-4(d), as the in-plane uniaxial strain is changed. (f) The data 
corresponding to the bottom x-axis are from TMR measurements of a post-
transfer MTJ after 20 flexes at 0.2% strain (alternately uniaxial tensile and 
compressive) followed by another 20 flexes at 0.4% strain (alternately 
uniaxial tensile and compressive). The data corresponding to the top x-axis are 
from TMR measurements of another device, which was re-tested several times 
over a given duration. The inset shows the experimental setup for applying 
uniaxial tensile and compressive strain. 
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7.3 Response and durability of the flexible MTJs under further strain 
Furthermore, experiments were performed to evaluate the response and 
durability of the post-transfer MTJ devices under substrate bending. For 
example, Fig. 7-4(c) shows the effects of different levels of uniaxial tensile 
strain on a post-transfer MTJ, where the uniaxial tensile strain was applied 
parallel to the easy axis of the MTJ. The TMR remains virtually constant, 
while the coercivities of the ferromagnetic layers increase as the magnitude of 
the uniaxial tensile strain is increased, due to inverse magnetostriction (also 
known as the Villari effect). Hence, Fig. 7-4(c) provides a gauge of the 
robustness of the devices under uniaxial tensile strain, and indicates the 
tunability of the coercivities by uniaxial tensile strain. In addition, Fig. 7-4(d) 
shows the effects of uniaxial compressive strain on a post-transfer MTJ, where 
the uniaxial compressive strain was applied parallel to the initial easy axis of 
the MTJ. A significant reduction in TMR of approximately 25% was observed 
under a uniaxial compressive strain of -0.3%. This reduction can be attributed 
to inverse magnetostriction, as rotating the device in-plane 10⁰ away from the 
initial easy axis almost completely restores the TMR to its original value. 
Hence, due to the positive coefficient of magnetostriction of CoFeB, the 
application of uniaxial compressive strain along the initial easy axis of the 
MTJ effectively rotates the magnetic easy axis away from its original 
orientation. Similarly, in the uniaxial tensile case (Fig. 7-4(c)), the tensile 
strain reinforces the initial easy axis of the MTJ, and the TMR saturates 
though the magnitude of the strain is increased because the magnetization is 
already saturated along this easy axis. Figure 7-4(d) illustrates the potential 
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strain gauge application of the post-transfer devices,
122
 as well as demonstrates 
the durability of the post-transfer devices under uniaxial compressive strain.  
 Moreover, measurements were also performed to evaluate the 
durability of the devices under repeated substrate bending, and as a function of 
time. Figure 7-4(f) provides a gauge of the robustness of a post-transfer MTJ 
that was repeatedly subjected to alternatively uniaxial tensile and compressive 
flexes. As the devices are sometimes kinked after being transferred onto the 
second substrate (as shown in Fig. 7-1(a), some waviness is introduced to the 
devices when they are released from the original substrate), the initial increase 
in TMR shown in Fig. 7-4(f) could possibly be attributed to the “unkinking” of 
the transferred SiO2/MTJ device segment as a result of the flexing. As random 
kinks may introduce undesirable strain to a device, the removal, or 
“straightening out”, of such kinks could improve device performance. 
Continuing to repeatedly flex the device up to 40 times did not significantly 
alter its TMR, reflecting the durability of post-transfer devices under repeated 
strain. In addition, the device durability could potentially be enhanced by 
developing and incorporating a suitable corrugated flexible substrate structure 




Furthermore, Fig. 7-4(f) shows the TMR of another post-transfer 
device, which was strained and tested repeatedly over a duration spanning 
more than two weeks. The TMR remained relatively high and constant, further 
providing a gauge of the robustness of the post-transfer devices. In addition, 
the experimental setup used to apply uniaxial tensile and compressive strain to 
the devices is shown in the inset of Fig. 7-4(f). The magnitude of applied 
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strain was estimated using
168
   dsubstrate / 2RC   100%, where the substrate 
thickness dsubstrate was 188 m, and the radius of curvature RC was obtained 
from optical images of the setup during measurement runs, as shown in Fig. 7-
5(a) and 7-5(b).   
In addition, the strain estimations were verified using FEA simulations, 
as shown in Fig. 7-5(c) and 7-5(d). Only the flexible PET substrate was 
modeled, as the combined thickness of the SiO2 etch stop layer and MTJ stack 
(~450 nm) was negligible relative to that of the PET substrate (188 μm). In the 
simulation, forces were applied to the side faces whose normals were denoted 
by y. The convex (concave) configuration, corresponding to uniaxial tensile 
(compressive) strain on the MTJs, was simulated by applying tensile 
(compressive) forces to the upper edges of the y faces, while also applying 
compressive (tensile) forces of the same magnitude to the lower edges of the 
y faces. The magnitude of the forces was adjusted such that the simulated z-
displacement of the center of the substrate corresponded to the actual 
displacement, as shown in Fig. 7-5(b). Young’s modulus and Poisson’s ratio 






Figure 7-5: (a) Optical image of the side view of the setup used to bend the 
flexible MTJs. (b) An example of the RC estimation of the bent substrate. As 
shown in (a), the actual scale is known. Hence, by drawing a circle on the 
optical image such that the bent substrate lies along its circumference, RC can 
be estimated as half of the actual diameter of the circle. (c) FEA simulation 
results for the bent PET when uniaxial tensile and (d) uniaxial compressive 
strain is applied to the MTJs. 
 
7.4 Device transfer onto various substrates 
Besides PET, the transfer of MgO barrier MTJs onto various other 
substrates, namely glass, Al foil, PDMS, and nitrile, is also demonstrated, as 
shown in Fig. 7-6. Furthermore, Fig. 7-7 shows that the MTJs can still exhibit 
good performance even after being transferred onto a substrate other than 
PET. Hence, the transfer process is versatile, and can be used not only to 
fabricate flexible MgO barrier MTJs, but also to integrate MgO barrier MTJs 
with various substrates, thus removing the design constraint of having to grow 
the thin film structure on only certain types of substrates in order to safeguard 
















novel applications, such as wearable flexible sensors and transparent 
electronics. Moreover, the inset of Fig. 7-6(d) compares the normalized mean 
TMR values pre- and post-transfer onto various substrates, where the post-
transfer TMR is 1.38 times higher than the pre-transfer TMR, on average. 
 
Figure 7-6: Optical images of MTJs transferred onto (a) glass, (b) Al foil, (c) 
PDMS, and (d) nitrile. The inset of (d) shows a bar chart comparing the 
normalized mean TMR values pre-transfer and post-transfer, taking into 
account data from different device batches corresponding to the various post-
transfer substrates. 
 
 In conclusion, functional, flexible MgO barrier MTJs are demonstrated 
for the first time using a substrate transfer process. Furthermore, an 
improvement in the MTJ properties is observed after the transfer process, 
which could be attributed to intrinsic stress relaxation and strain-enhanced 
coherent TMR. Hence, our results provide a proof of concept for flexible MgO 
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barrier MTJs, which are promising for various novel applications, including 
sensors and data storage devices. 
 






























Chapter 8 Conclusion 
 In summary, MTJs are a vital component in magnetic data storage 
applications, such as HDD and MRAM. Some of the presently active areas of 
MTJ-related research include half-metallic Heusler ferromagnetic materials, 
current-induced SOT magnetization switching, straintronics, and flexible 
electronics. 
 In this work, the magnetization dynamics and damping were 
investigated in CFAS, which has been theoretically predicted to be a half-
metallic Heusler compound. Moreover, current-induced SOT magnetization 
switching was studied in PMA CFAS. The results could provide useful 
insights for the engineering of CFAS-based spintronics applications, including 
MRAM. 
  In addition, straintronics and flexible electronics are emerging as 
potential future directions for MTJ technology. Hence, in this work, the effects 
of strain on MgO barrier MTJs were investigated in detail, and flexible MgO 
barrier MTJs were also demonstrated for the first time. The results could serve 
as an early step towards the realization of novel straintronics and/or flexible 
electronics technologies, including data storage applications. 
 
8.1 Chapter summaries 
 Chapter 1 provided a general introduction to magnetic data storage and 
spintronics. In particular, the present technological landscape in magnetic data 
storage was briefly described, encompassing the role of MTJs in HDD and 
MRAM applications. Furthermore, areas of ongoing MTJ research were 
122 
 
introduced, namely half-metallic Heusler compounds, current-induced 
magnetization switching mechanisms, straintronics, as well as flexible 
electronics. 
 Chapter 2 described the physics underlying various spintronics 
phenomena. First, the section on magnetoresistance and spin-transfer torque 
described the mechanisms and technological evolution of AMR, CIP GMR, 
MTJs, and STT. Next, the section on Heusler compounds and half-metals 
described the composition and crystal structure of Heusler compounds, the 
concept of half-metallicity, the effects of crystal structure disorder, surfaces, 
as well as interfaces on half-metallicity, and introduced CFAS, a Heusler 
compound that has been predicted to be half-metallic. Then, the section on 
spin dynamics in a magnetic medium described the different types of magnetic 
interaction and free energy density, as well as introduced the concepts of 
magnetization dynamics, damping, and spin waves. In addition, the section on 
spin-orbit torques described the origins of SOTs and their application in 
magnetization switching. Moreover, the final section of the chapter briefly 
described the mechanisms and applications of magnetostriction and the Villari 
effect.  
 Chapter 3 described the experimental techniques that had been used for 
this work, encompassing the methods for thin film and device fabrication, as 
well as the measurement methods for magnetoresistive devices, magnetization 
dynamics studies in both the frequency and time domains, as well as spin-orbit 
torque investigations. 
 Chapter 4 described an investigation of ferromagnetic resonance and 
spin waves in CFAS. The Gilbert damping parameter of MBE-grown CFAS 
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was found to decrease as the temperature increased. Furthermore, the spin 
wave group velocity and attenuation length were evaluated for CFAS. The 
findings are meaningful for the development of CFAS-based spintronics 
applications. 
 Chapter 5 described a study of spin-orbit torques in heavy 
metal/CFAS/MgO thin film structures. The longitudinal and transverse 
current-induced spin-orbit effective magnetic fields were evaluated for a 
Pt/CFAS/MgO structure, and the origins of the associated SOTs were 
explored. The results suggest that both the spin Hall and Rashba effects 
contribute significantly to the longitudinal and transverse fields. In addition, 
current-induced SOT magnetization switching was compared between 
Pt/CFAS/MgO and Ta/CFAS/MgO.  The findings suggest that changing the 
heavy metal underlayer material can enable the tuning of the KU and JC 
parameters by trade-off in this material system. 
 Chapter 6 described an investigation of strain-enhanced tunneling 
magnetoresistance in a CoFeB/MgO/CoFeB MTJ structure. It was shown 
experimentally that the introduction of controllable mechanical strain could 
result in an enhancement factor of ~2 in TMR. Moreover, the strain-enhanced 
TMR was correlated with coherent spin tunneling through the MgO barrier. 
Hence, the study helped to further elucidate the TMR mechanism at the atomic 
level, and could provide a novel method to tune quantum properties for 
applications. 
 Chapter 7 provided a proof of concept for functional, flexible MgO 
tunnel barrier MTJs for the first time. A substrate transfer process had been 
utilized to realize the flexible MTJs, and the improvement in MTJ properties 
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after the transfer process could be attributed to intrinsic stress relaxation and 
strain-enhanced coherent TMR.  
 
8.2 Future prospects 
 Half-metallic Heusler compounds and current-induced magnetization 
switching mechanisms, namely STT and SOT, are promising avenues for 
further development in MTJ technology. For example, numerous studies of 
material properties and device optimization have been carried out using 
Heusler compounds, such as Co2FeAl0.5Si0.5 (CFAS), Co2Cr0.6Fe0.4Al (CCFA), 
Co2MnSi (CMS) and Co2FeGe0.5Ga0.5 (CFGG), with the aim of obtaining and 
harnessing their predicted half-metallicity.
38,39,171,172
 Furthermore, extensive 
research has been carried out to develop STT and SOT magnetization 
switching mechanisms, with the aim of creating next-generation p-MTJ 
(perpendicular MTJ)-based data storage devices.
9,11
 Therefore, the 
characterization of the magnetization dynamics and damping as well as SOTs 
for CFAS in this work could provide valuable insights for such development, 
since CFAS has been predicted to be a half-metallic Heusler compound. In 
particular, the findings could pave the way for further studies involving the 
integration of CFAS MTJs or p-MTJs with STT or SOT-based magnetization 
switching schemes. 
 In addition, the integration of MTJs with straintronics and flexible 
electronics could yield novel technologies, including sensors and data storage 
applications.
12,13,15,16
 Hence, the detailed study of the effects of strain on MgO 
tunnel barrier MTJs and the demonstration of flexible MgO tunnel barrier 
MTJs in this work offer relevant insights for the design and engineering of 
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such novel applications. Potential areas for further investigation include the 
effects of strain on p-MTJs, as well as on MTJs with half-metallic Heusler 
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